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ABSTRACT OF THE DISSERTATION 

 

Fully Solution-Processed Copper Chalcopyrite Thin Film Solar Cells: Materials Chemistry, 

Processing, and Device Physics 

by 

Choong-Heui Chung 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2012 

Professor Yang Yang, Chair 

 

Chalcopyrite solar cells have attracted a lot of attention due to their highest power conversion 

efficiency among all thin film solar cells. However, significant cost reductions as well as large 

scale production are necessary to compete with conventional electrical power generation. The 

development of new deposition technologies for the absorber layer as well as the conducting 

window layer that are compatible with atmospheric deposition on a manufacturing-scale are 

urgently required to significantly offset production costs. This dissertation demonstrates the 

development of fully solution-processed high performance CuIn(Se,S)2 photovoltaic devices 

based on a hydrazine processed absorber layer and metal nanowire composite window layer. 

Furthermore, the included studies present a deep understanding of the materials chemistry 

involved in the formation of the CuIn(Se,S)2 precursor molecules and thin films, as well as 

material design for metal nanowire composite window layers, and the charge transport 
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mechanism in the fully solution-processed high performance CuIn(Se,S)2 photovoltaic devices. 

Chapter 2 presents the identification of the molecular precursor species present in hydrazine 

CuIn(Se,S)2 solutions, and precise control of energy band gap of CuIn(Se,S)2 by tailoring the 

bonding environment of the molecular species present in precursor solutions. Chapter 3 

investigates secondary phase formation at the Mo/CuIn(Se,S)2 interface as well as a strategy for 

achieving a large grained CuIn(Se,S)2 film structure with demonstrated photovoltaic device 

performance using a sputtered metal oxide window layer. Chapter 4 focuses on the development 

of transparent conductors composed of solution processed silver nanowires composite window 

layers demonstrating better optoelectronic and mechanical properties than conventionally 

sputtered indium tin oxide films. Chapter 5 centers on the complete replacement of sputtered 

metal oxides by metal nanowires embedded in conductive nanoparticle window layer without 

any sacrifices in device performance, elucidate the role of each component of the window layers 

by probing spatially resolved carrier collection, and presents a detailed study of band alignment 

in fully solution-processed high performance CuIn(Se,S)2 photovoltaic devices by investigating 

current-voltage characteristics in the dark and under illumination from several controlled 

wavelength ranges. Thin film chalcopyrite solar cells employing solution-processed absorber 

layers combined with metal nanowire-metal oxide nanoparticle composite window layers are 

anticipated to effectively serve as a renewable energy source with reduced fabrication costs and 

competitive device performance. 
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1 

Chapter 1 Introduction 

This introductory chapter describes the need for research into fully solution processed thin film 

chalcopyrite solar cells and provides an overview of the structure of this dissertation 

organization. A discussion of currently developed best cell materials and device structure as well 

as carrier transport in the devices is also included. 

1.1 Motivation for fully solution processed thin film solar cell research 

In the future, world energy consumption will inevitably transit from fossil fuels to renewable 

energy sources, which can be viewed as a solution to the risk of climate change associated with 

consuming fossil fuels as well as a solution to the limited availability of these sources. Among 

the various types of renewable energy sources, the potential of solar energy is the most 

promising owing to its enormous availability. The Sun provides Earth with as much energy every 

hour as human civilization uses every year [1]. Therefore, solar cells that directly convert light 

energy to electricity will be one of the most promising long-term clean energy solutions. 

While crystalline silicon technology occupied approximately 85% of the photovoltaic 

market in 2010, these modules are still more expensive than fossil fuels mainly because of the 

costly silicon wafers which impede the wide-spread use of solar cells as a renewable energy 

source [2]. Therefore, thin film photovoltaic devices including cadmium telluride, chalcopyrite, 

polycrystalline silicon, and amorphous silicon have been extensively researched to reduce 

production costs to below that of traditional energy sources [3]. Among them, chalcopyrite 

CuInSe2 and its alloys have been extensively investigated as one of the most promising absorber 

materials for thin film photovoltaic device applications owing to a high optical absorption 

coefficient, structural tolerance to large changes in material stoichiometry, and a tunable 
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electronic band gap [4]. Cu(In,Ga)Se2 (CIGS) thin film solar cells with efficiencies of roughly 

20% have been reported through the use of the vacuum processing techniques in the deposition 

of the absorber layer and window layer [5,6]. However, these techniques introduce challenging 

issues for the low-cost production of large area modules due to the processing complexities 

associated with vacuum-based device fabrication. Thus, fully non-vacuum processable materials 

and deposition techniques are urgently required to reduce the cost of producing these devices.
   

1.2. Dissertation organization 

This study aims to attain a deep understanding of the materials chemistry relevant to solution-

processed CuIn(Se,S)2 (CISS) absorber layer formation, materials structure design for solution 

processed metal nanowire based window layers, and the charge carrier transport mechanism in 

fully solution processed high performance CISS photovoltaic devices achieved in this work. The 

following section in this chapter provides an introduction to high efficiency chalcopyrite solar 

cells including device structure, charge carrier transport, band alignment, materials properties, 

and previously developed vacuum processing methods. 

Chapter 2 describes the identification of the molecular species present in hydrazine CISS 

precursor solutions, their interactions and low temperature formation of the CISS chalcopyrite 

phase. Chapter 3 investigates on energy band gap adjustment in the CISS films, secondary phase 

formation at the Mo/CISS interface, and grain structure in the CISS films. Photovoltaic devices 

with power conversion efficiency of 11.1% are demonstrated by employing a CdS buffer and 

sputtered metal oxide window layers. The focus of chapter 4 is on the development of solution 

processed transparent conductors composed of silver nanowires embedded in indium tin oxide 

nanoparticle matrices. Chapter 5 centers on the replacement of both sputtered intrinsic zinc oxide 
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(i-ZnO) and indium tin oxide (ITO) thin films by silver nanowire composite window layers in 

CISS solar cells. This chapter also discusses charge carrier transport and band-alignment in the 

fully solution processed CISS devices. 

1.3 High efficiency chalcopyrite thin film solar cells 

The best chalcopyrite thin film solar cells were realized by forming a heterojunction containing 

an n-type CdS buffer layer and sputtered window layers composed of i-ZnO and aluminum 

doped zinc oxide (AZO) on Mo-coated soda lime glass as shown in Fig. 1.1 [7]. 

 

                                         

Figure 1.1 Schematic structure of the best chalcopyrite thin film solar cells. 

 

Sodium diffusion from the glass through Mo back electrode has beneficial effects on the 

growth of absorber layer such as the widening of the range of existence for the chalcopyrite 

phase in the phase diagram [8] and passivation of grain boundary defects [9]. The existence of a 

thin layer of MoSe2 at the Mo/absorber interface provides an Ohmic back contact [10]. Chemical 

i-ZnO 

AZO

Mo-coated 
soda lime glass

Cu(In,Ga)Se2

CdS 
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bath deposition introduces a conformal CdS coating onto the absorber layers to form a p-n 

heterojunction as well as Cd-ion diffusion to passivate defects in absorber layer [11,12]. The 

energy band gap of the absorber layer is typically optimized by partially replacing indium or 

selenium with gallium or sulfur, respectively, eventually falling in the range of 1.1-1.2 eV [7]. 

The role of the i-ZnO layer is to reduce the impact of randomly occurring electrical shunt paths 

in the devices [13]. The AZO layer provides high transmittance for the solar spectrum as well as 

low sheet resistance enabling effective charge carrier collection. 

  Figure 1.2 shows CIGS grains of 19.9% efficiency solar cells [5] and current density-

voltage characteristics of 20.1% and 20.3% efficiency CIGS solar cells [6] through the use of the 

vacuum processing techniques in the deposition of the absorber layer.  

 

     

Figure 1.2 (a) Cross sectional scanning electron microscopy image of a CIGS film of 19.9% 

efficiency solar cells taken from reference [5]. (b) Current-voltage curves of 20.1% (cell 

area=0.5028 cm2) and 20.3% (cell area=0.5015 cm2) efficiency CIGS solar cells taken from 

reference [6]. 

 

(a)

(b)
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These demonstrated high efficiencies are largely due to three features in the absorber layer as 

follows. The first one is Ohmic back-contact typically achieved by forming the MoSe2 phase at 

the Mo/absorber interface [10]. The second one is a long minority carrier life time over 200 ns 

owing to large grain size [14]. The last one is an optimized energy band gap by adjusting gallium 

content. These properties have been best delivered by co-evaporation techniques by precisely 

controlling the atomic flux of each element and the composition of film over the entire 

deposition period [5,6]. 

 Conducting metal oxide films such as indium tin oxide (ITO) films and AZO films have 

been widely used as transparent window layer in a variety of thin film solar cells owing to their 

unique material properties capable of simultaneously demonstrating high optical transparency 

and high electrical conductivity. However, sputtering techniques are almost always required in 

order to properly deliver their favorable properties in the form of large area thin films [15-17]. 

However, the heavy use of vacuum facilities in the preparation of the absorber layer and window 

layers has still caused difficulty in the low-cost and large area production of this type of solar 

module. 

1.4. Approaches toward full solution processing 

To the best of my knowledge, there has been no report on fully solution processed thin film solar 

cells with power conversion efficiency above 10%. A number of research efforts have been 

dedicated to the development of non-vacuum deposition methods for the preparation of the 

absorber layer in an effort to reduce the cost of producing these devices [18-20]. Recently, 

hydrazine processed Cu(In,Ga)(Se,S)2 solar cells hold the highest published power conversion 

efficiency of 15.2% among purely solution processed thin films solar cells, despite its early stage 

of the development [21]. In order to further enhance the efficiency of hydrazine solution 



6 

processed chalcopyrite thin film solar cells, it will be necessary to understand materials 

chemistry involved this process. 

In order for an absorber deposited under atmospheric conditions to significantly offset 

production costs, it is also significantly important to replace the sputtered intrinsic  zinc oxide 

and and sputtered ITO or AZO layers with transparent conductors that are also compatible with 

atmospheric deposition on a manufacturing-scale without any loss in device performance. 

Several years ago, Contreras et al. reported the demonstration of a transparent top electrode 

based on single-walled carbon nanotubes for devices based on a co-evaporated CIGS absorber 

layer [22]. However, these devices showed much lower power conversion efficiency than those 

employing sputtered AZO mainly due to a reduced short circuit current density and fill factor. In 

order for solution-processed top contacts to provide a viable alternative to sputtered oxide 

window layer, it will be necessary to develop improved electrode structures that are able to offer 

comparable or even higher short circuit current density and fill factor values than those deposited 

in high vacuum. 

1.5 Band alignment and carrier transport in copper chalcopyrite solar cells 

Carrier transport behavior is governed to a large extent by band alignment in semiconductor 

device structures. Figure 1.3 shows a schematic of the conduction-band minimum 𝐸𝐶  of the 

CIGS/CdS/i-ZnO/AZO structure at zero bias with a typical spike type CIGS/CdS junction. In 

Fig. 1.3, 𝑉𝐶𝐼𝐺𝑆  , 𝑉𝐶𝑑𝑆   𝑎𝑛𝑑 𝑉𝑊 represent the extent of band bending in the CIGS, CdS and window 

layer, respectively. ∆𝐸𝐶
𝑎𝑏𝑎𝑛𝑑 ∆𝐸𝐶

𝑏𝑤  are conduction band discontinuities between the CIGS and 

CdS, and between the CdS and window layer, respectively. ∆𝐸𝐹𝑛  is the difference between the 

conduction band edge of the CIGS and electron quasi-Fermi level at the CdS/CIGS interface. For 
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diode current, injected electrons from a top electrode have to surmount the energy barrier ∅𝑏
𝑛  

sum of ∆𝐸𝐶
𝑏𝑤 ,𝑉𝐶𝑑𝑆   𝑎𝑛𝑑 𝑉𝑊to be collected [7,23]. For photocurrent, photo-generated electrons in 

CIGS diffuse to CIGS/CdS interface, and they must surmount the energy barrier ∆𝐸𝐶
𝑎𝑏  by 

thermionic emission in order to be collected. Thus, as long as the thermionic emission current 

over the barrier is much larger than the number of photo-generated electrons approaching the 

junction, the conduction band barrier will have negligible influence on the total photocurrent 

collected from the device. 

 

Figure 1.3 Conduction band minimum EC alignment in the structure of CIGS/CdS/i-ZnO/AZO, 

and electron flows along energy band and their energy barrier for photo-current and diode 

current. 
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Chapter 2 Identification of the Molecular Precursors for Hydrazine Solution 

Processed CuIn(Se,S)2 Thin Films and Their Interactions 

Hydrazine solution processed CuInSe2-based thin film solar cells currently hold the highest 

published power conversion efficiencies among purely solution processed thin film solar cells 

though its early stages of development. Here, materials chemistry including dissolving 

mechanism of Cu2S, and In2Se3, and identification of the molecular species are discussed. 

2.1 Introduction 

Almost all reported non-vacuum methods in the preparation of copper chalcopyrite absorber 

layers demonstrating reasonable power conversion efficiency (>10%) require an additional 

selenization and/or sulfurization step [18-20]. Furthermore, these selenization/sulfurization 

methods frequently require a vacuum facility again as well as the use of toxic gases such as H2Se 

or H2S. In addition, undesirable re-distribution of indium and gallium upon post 

selenization/sulfurization makes it difficult to optimize energy band gap profile in absorber layer. 

Recently, hydrazine solution processing has been developed as a simple and high-throughput 

process for the preparation of chalcopyrite thin films without a need of additional post 

selenization treatment [19,21,24-28]. Though this process is still in the early stages of 

development, CuInSe2-based thin film solar cells with efficiencies of up to 15.2 % have been 

demonstrated [21].
 
In this approach, Cu2S and In2Se3 precursor solutions are prepared separately 

and then combined to form a CISS precursor solution with adjustable stoichiometry. The 

precursor solution is then spun onto the desired substrate, and forms a high quality CISS film 

after a thermal annealing step. 

http://yylab.seas.ucla.edu/papers/cm103258u.pdf
http://yylab.seas.ucla.edu/papers/cm103258u.pdf
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Previously, hydrazine precursor research has been based on information obtained from 

the study of solid specimens prepared by the drying of the corresponding precursor solutions [29-

31]. However, in order to gain a better understanding of the deposition and film formation 

processes, it is essential to identify the molecular species as they are present in the liquid-phase 

hydrazine precursor solutions.  

In this study, the molecular structures present in solutions containing Cu2S, In2Se3, sulfur, 

selenium or mixtures of them are investigated through Raman spectroscopy. This 

characterization technique offers the unique opportunity to simultaneously probe the vibrational 

modes of a variety of solvated species, and has previously been proven a valuable tool in the 

study of hydrazine-based systems [32]. 

2.2 Experimental details 

Preparation and characterization of precursor solutions and films are presented in this section. 

2.2.1 Preparation of precursor solutions 

The solutions employed in this investigation consisted of elemental sulfur, Cu2S precursor, 

In2Se3 precursor, and the combined CISS precursor mixture all dissolved in anhydrous 

hydrazine. Caution: hydrazine is highly toxic and should be handled with appropriate protective 

equipment to prevent contact with both the liquid and vapor. The elemental sulfur solution was 

prepared by dissolving the desired quantity of elemental sulfur powder in hydrazine. In order to 

prepare the Cu2S precursor solution, Cu2S powder was combined with elemental sulfur in 

hydrazine. To prepare the In2Se3 precursor solutions, In2Se3 was combined with elemental 

selenium in hydrazine. Each solution was stirred for more than one week at room temperature.  

To prepare the final CISS precursor solutions, the Cu2S precursor solution was combined with 
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the In2Se3 precursor solution. All solution preparation and film deposition took place inside an 

N2 filled dry box with water and oxygen levels each below 1 ppm. 

2.2.2 Raman analysis of precursor solutions 

Raman analysis was performed on the hydrazine precursor solutions in a backscattering 

configuration with a confocal configuration at room temperature with un-polarized light using a 

Renishaw inVia Raman system equipped with a 514.5 nm Ar laser. Laser power was adjusted to 

12.5 mW for precursor solutions. Laser beam size was approximately 10 μm. The intensities of 

the peaks due to hydrazine in the precursor solutions were normalized to one another in order to 

facilitate comparison between the spectra. All curve fitting was done using Wire 3.2 software as 

provided by the supplier.  

 

 

Figure 2.1 Schematic diagram for the encapsulation system used to protect the hydrazine 

specimens during Raman spectrum acquisition. 

 

Cavity glass

Cover glass

Ar laser

Solution
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Prior to measurement, each solution was sealed by placing vacuum grease between a cavity slide 

and a thin cover glass while inside a N2 filled dry box in order to reduce the possibility of 

chemical changes due to oxygen and moisture. A diagram of the encapsulation schematic is 

shown in Fig. 2.1. 

2.3 Results and discussion 

Raman analysis on Cu2S, In2Se3, and CISS precursor solutions to identify the molecular species 

present in the solutions and their interactions are discussed. 

2.3.1 Cu2S precursor solutions 

Cu2S precursor solutions were prepared by mixing Cu2S and elemental sulfur in hydrazine. 

Additionally, sulfur solutions were prepared separately, so that the bonding environment of each 

reactant could be analyzed individually. The Raman spectrum of a 0.5 M sulfur solution exhibits 

a distinct band located at 2560 cm
-1

 as shown in Fig. 2.2a, which can be assigned to an S-H 

stretching vibrational mode [33]. Conspicuously absent from the spectrum is the S-S stretching 

mode, which typically appears in the range 380-540 cm
-1

, despite the fact that this mode 

typically produces a strong Raman signal [34].
 
 Therefore, it is reasonable to assume that sulfur 

atoms are mainly bonded to hydrogen atoms in the form of H2S or (N2H5)2S molecules. Previous 

studies of the S-H stretching mode of H2S have shown its position to typically fall at values 20-

30 cm
-1

 larger than the observed peak of 2560 cm
-1

 shown in Fig. 2.2a [35]. Thus, it is most 

probable that the elemental sulfur in solution has formed (N2H5)2S molecules according to the 

following chemical reaction [36]:  

 

2S + 5N2H4 → N2 + 2(N2H5)2S        (1) 
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Figure 2.2b shows the Raman spectrum of a 0.25 M Cu2S precursor solution in which the S/Cu2S 

molar ratio has been adjusted to 2. Two distinct peaks are visible at 335 cm
-1

, and 2560 cm
-1

, 

respectively. The peak located at 335 cm
-1

 can be assigned to a Cu-S stretching mode [37],
 
while 

the peak at 2560 cm
-1

 is once again the S-H stretching mode of (N2H5)2S molecules formed by 

the elemental sulfur present in the solution. Numerical analysis shows the integrated intensity of 

the S-H peak in the 0.25 M Cu2S solution spectrum to be slightly smaller than that produced by 

the 0.5 M sulfur solution. Since the amount of elemental sulfur added into these two solutions 

was originally the same, the slightly reduced S-H signal indicates that some of the elemental 

sulfur present has reacted with Cu2S to form a CuxSy complex which is no longer capable of 

exhibiting an S-H vibrational mode. 

 In order to identify the composition of the CuxSy complex, the intensities of the S-H 

vibrational peak in Cu2S precursor solutions containing a variety of S/Cu2S molecular ratios are 

investigated. Figure 2.2c shows the intensities of the Cu-S and S-H peaks as a function of S/Cu2S 

molecular ratio. The concentration of Cu2S was fixed to be 0.25 M, while the concentration of 

elemental sulfur was varied in order to adjust the S/Cu2S ratio in the solutions. The intensity of 

the Cu-S peak remained constant versus the S/Cu2S ratio, indicating that the Cu2S powder was 

fully dissolved in each sample. In contrast, the intensity of the S-H peak increased linearly with 

the S/Cu2S ratio, and can be traced back to its x-intercept at an S/Cu2S value of approximately 

0.33. Since the x-intercept represents the point at which all added sulfur has been consumed by 

the CuxSy complex formation reaction, it can be concluded that the S/Cu2S ratio of the complex 

is 0.33. At S/Cu2S values smaller than 0.33, black precipitates in the solution were observed, 

which were assumed to be undissolved Cu2S. 
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Figure 2.2 Raman spectra of (a) the 0.5 M sulfur solution, and (b) the 0.25 M Cu2S precursor 

solution having an S/Cu2S ratio of 2. (c) The integrated intensities of the peaks located at 335 

cm-1 (solid circle), and at 2560 cm-1 (solid square) as a function of S/Cu2S ratio obtained from 

the 0.25 M Cu2S precursor solutions. 

 

From this information, it is proposed that [Cu6S4]
2-

 ions are formed by the following overall 

chemical reaction in hydrazine: 

 

6Cu2S + 2S + 5N2H4 → 2[Cu6S4]
2-

 + 4N2H5
+
 + N2 (gas)    (2) 

 

It has been previously reported that the Cu6S4 anion is relatively stable and is less reactive than 

other CuxSy complexes [38].
 
Additionally, the evaporation of Cu2S precursor solutions has been 
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shown to produce the compound N4H9Cu7S4, which is composed of extended Cu7S4 sheets 

separated by a mixture of hydrazium and hydrazine molecules [30].
 
Therefore, it can be assumed 

that [Cu6S4]
2-

 ions present in a hydrazine solution convert into Cu7S4 sheets by losing sulfur 

during the drying process. 

2.3.2 In2Se3 precursor solutions 

Following an analogous procedure, In2Se3 precursor solutions prepared by dissolving In2Se3 and 

elemental selenium in hydrazine are also analyzed. Figure 2.3a shows the Raman spectrum of a 

0.1 M selenium solution. The most intense peak, located at 260 cm
-1

, can be attributed to 

symmetric Se-Se stretching in the Se8 cyclic species while the peak at 235 cm
-1

 most likely 

represents Se-Se vibration in polymeric selenium chains [39,40].
 
Thus, it appears that elemental 

selenium dissolves in hydrazine to form polyselenide molecules such as Se8 rings and polymeric 

chains. The observed dark green color of the elemental selenium solution supports this 

conclusion, since polyselenide molecules have previously been shown to produce solutions of 

similar colors [41].
 

 Figure 2.3b shows the Raman spectrum of a 0.25 M In2Se3 precursor solution containing 

an equal molar amount of elemental selenium and In2Se3. The Raman spectrum of the solution 

exhibits a strong peak at 192 cm
-1

 that can be attributed to the In-Se stretching mode [42]. The 

additional bands at 175 cm
-1

 and 240 cm
-1

 can be assigned to secondary vibrational modes also 

observed in indium selenide complexes [43-45]. The Se-Se stretching modes were not detected, 

despite the significant of amount of elemental selenium that was added to the solution. This 

indicates that all of the elemental selenium added into the solution had been consumed during the 

formation of an indium selenide complex. Figure 2.3c shows the Raman spectra of several Se-

rich solutions, prepared with Se/In2Se3 ratios ranging between 1 and 1.3. As shown in the Figure, 
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the Se-rich solutions show an additional peak at 260 cm
-1

 that corresponds to the previously 

absent Se-Se stretching mode.  The peaks resulting from the indium selenide complex, however, 

show negligible changes as the relative selenium concentration is increased. This indicates that 

all selenium atoms above a threshold Se/In2Se3 ratio remain free to form polyselenide molecules, 

while a set amount of selenium preferentially reacts with In2Se3 to form indium selenide 

complexes. the intensity of the Se-Se peak located at 260 cm
-1

 through the deconvolution of the 

complete Raman spectrum have been obtained, which is shown in Fig. 2.3d. The integrated peak 

intensity has been plotted as a function of Se/In2Se3 ratio, which is shown in Fig. 2.3e. The signal 

increases linearly with the Se/In2Se3 ratio and can be traced back to its x-intercept at an Se/In2Se3 

ratio of approximately unity. Since the x-intercept represents the point at which all dissolved 

selenium has been consumed by the complex formation reaction, it can be concluded that the 

Se/In2Se3 ratio of the complex is 1. Therefore, the dominant indium-selenium phase present in 

hydrazine solutions must be [In2Se4]
2-

, which is formed through the following the overall 

chemical equation: 

 

2In2Se3 + 2Se + 5N2H4 → 2[In2Se4]
2-

 + 4N2H5
+
 + N2 (gas)    (3) 

 

This conclusion is supported by the color of the In2Se3 precursor solutions, which are transparent 

when the amount of elemental selenium present in solution is equal to or less than the amount of 

In2Se3 present. Further increases in selenium concentration cause the color of the solution to turn 

dark green, indicating the presence of increasing amounts of polyselenide species (Fig. 2.3f). 
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Figure 2.3 Raman spectra of (a) the 0.1 M selenium solution (b) the 0.25 M In2Se3 precursor 

solution with an Se/In2Se3 ratio of 1 and (c) several Se-rich 0.25 M In2Se3 precursor solutions 

with various Se/In2Se3 ratios. (d) Deconvolution of the peaks obtained from the In2Se3 precursor 

solution with an Se/In2Se3 ratio of 1.3. (e) The integrated intensity of the peak located at 260 cm-

1 as a function of Se/In2Se3 ratio in the Se-rich 0.25 M Se/In2Se3 precursor solutions. (f) A 

picture of the Se/In2Se3 precursor solutions containing an equal molar amount of elemental 

selenium and In2Se3 (left), and with an Se/In2Se3 ratio of 1.1 (right). 
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2.3.3 CuIn(S,Se)2 precursor solutions 

In order to examine the interactions between the complex ions [Cu6S4]
2-

 and [In2Se4]
2-

 in the 

combined CISS precursor solution, Cu2S and In2Se3 solutions were prepared with S/Cu2S and 

Se/In2Se3 ratios chosen to effectively eliminate the presence of (N2H5)2S and polyselenide 

molecules.  The Cu2S solution was formed by dissolving 1 mmol of Cu2S and 0.33 mmol of 

elemental sulfur in 4 ml of hydrazine, and the In2Se3 solution by combining 1 mmol of In2Se3 

with 1 mmol of elemental selenium in 4 ml of hydrazine. A CISS precursor solution was 

prepared by combining the two solutions in equal proportions. In addition, in order to facilitate 

the direct comparison of scattering signal upon mixing, the unmixed Cu2S and In2Se3 solutions 

were diluted by a factor of two with pure hydrazine since the combined precursor solution was 

necessarily diluted by two times when the two solutions were mixed.  

Figure 2.4 shows the Raman spectra of the diluted Cu2S and In2Se3 solutions as well as 

the CISS precursor solution. Immediately noticeable is the presence of a peak located at 315 cm
-1

 

in the CISS precursor solution, which did not exist in the spectra of either of the individual 

solutions. In addition, the intensities of the In-Se, and Cu-S peaks have decreased in the 

combined solution by approximately 15 % and 25 %, respectively. 

According to one of the most widely used empirical relationships between bond length and force 

constant [46,47],
 
and using information about typical Cu-S and In-S bond lengths in complex 

molecules [30,37,47] the Cu-S and In-S force constants can be estimated to be approximately 

equal.  Force constant can be estimated using the expression [46]:
 
 

3)( ije dr

C
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where C is constant, κ is the force constant of the stretching bond, re is the bond length at 

equilibrium, and dij has a fixed value (0.86 for Cu-S, and 1.14 for In-S ) for bonds between atoms 

from rows i and j of the periodic table [47].
 
The bond lengths for Cu-S and In-S bonds in 

complex molecules range from 2.13~2.39 Å and 2.39~2.65 Å, respectively [30,47,48]. By taking 

average values for the Cu-S bond length (2.26 Å) and In-S bond length (2.52 Å), the two force 

constants can be estimated to be approximately equal. 

 

Figure 2.4 Raman spectra of the 0.125 M Cu2S solution in which the S/Cu2S ratio is 0.33, the 

0.125 M In2Se3 solution in which the Se/In2Se3 ratio is unity, and the CISS precursor solution 

prepared by mixing a 0.25 M Cu2S solution and 0.25 M In2Se3 solution in equal proportion. 
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The frequency of an In-S stretching mode is not readily available in the literature, but using the 

known Cu-S vibration frequency and approximating the two force constants as equal, the 

harmonic oscillator approximation for isolated binary vibrational modes to estimate In-S 

vibration frequency can be used[49]: 
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      (4) 

 

This expression produces a value for ν(In-S) of roughly 310 cm
-1

 which is very close to the value 

of the new Raman peak produced by the CISS precursor solution as shown in the inset of Fig. 

2.4. The new scattering signal to result from an In-S vibrational mode can be therefore proposed. 

This vibration mode could be the result of anion exchange between the complex ions [Cu6S4]
2-

 

and [In2Se4]
2-

 which would necessarily generate additional peaks corresponding to the Cu-Se, 

Se-Se, or S-H vibrational modes, which would be expected at approximately 275 cm
-1

, 260 cm
-1

, 

and 2560 cm
-1

, respectively [50,35,39]. However, the creation of any other peaks besides the In-

S vibration mode was not detected in the combined CISS precursor solution. This suggests that 

the [Cu6S4]
2-

 ions attach to the [In2Se4]
2-

 ions via In-S bonding in the CISS precursor solution. 

Interaction between the two precursor species may also be responsible for the decrease of signal 

intensity for the In-Se and Cu-S stretching mode upon the mixing of the Cu2S and In2Se3 

solution. It should be also noted that the In-S peak resulting from the interaction between the two 

species is very weak compared to the In-Se peak from [In2Se4]
2-

, and that the intensity of the Cu-

S peak from [Cu6S4]
2-

 is inherently very low. Thus, it might be possible that a prospective Cu-Se 

peak resulting from the interaction between the two species would not be detectable over the 
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background of the spectra.  The presence of a vanishingly weak Cu-Se peak would offer the 

possibilities that there may be some degree of interaction between the two precursors via Cu-Se 

bond formation similar to the previously discussed In-S bonding, or that a small amount of anion 

(S
2-

 or Se
2-

) exchange may be occurring. These possibilities should not be ruled out until further 

experiments can prove or disprove their validity. 

The creation of In-S bonds in the CISS precursor solution provides strong evidence for 

the mixing of copper, indium, sulfur, and selenium at a molecular level even prior to deposition. 

From this configuration, relatively little atomic diffusion is required to reach the chalcopyrite 

structure, which may make it possible to form the CISS2 phase at fairly low temperatures. In 

order to explore the formation of the CISS phase in deposited films, the CISS precursor solution 

was spun onto Mo-coated soda-lime glass substrates and annealed at a range of temperatures 

prior to characterization. 

Figure 2.5 shows the Raman spectra of several CISS thin films annealed at various 

temperatures. The peak resulting from the oscillatory motion of selenium atoms with respect to 

their neighboring copper and indium atoms in chalcopyrite CuInSe2 is typically reported at 174 

cm
-1

 [51,52]. The corresponding peak in our spectra is slightly shifted in energy, and is located at 

178 cm
-1

 which is due to the introduction of sulfur into selenium sites [53]. The CISS appears to 

form at as low as 120 
o
C. Further increase of the annealing temperature decreases the full width 

half maximum of the peak at 178 cm
-1

, indicating improvement in the grain size and crystal 

quality of the film. 

The spectra show no evidence of the formation of binary phases such as CuS, Cu2S, 

CuSe, Cu2Se and In2Se3 which have been shown to be detrimental to photovoltaic device 

performance [54].
 
Compositional inhomogeneities in the precursor film can cause the formation 
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of these binary phases at temperatures around 300 
o
C [55].

 
The low temperature formation of 

CISS films free of binary phases likely results from the thorough mixing of each elemental 

constituent on a molecular level. 

 

 

 

Figure 2.5 Raman spectra of several hydrazine-processed CISS thin films subject to thermal 

annealing at temperatures ranging from 120 oC to 370 oC for 30 min on a hot plate in an N2-filled 

dry box. 
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2.4 Conclusions 

In summary, elemental sulfur and selenium dissolved in hydrazine have been shown to form 

(N2H5)2S molecules and polyselenide molecules such as Se8 rings and polymeric selenium 

chains, respectively. It has also been determined that the reaction between Cu2S and sulfur yields 

[Cu6S4]
2-

 ions, while [In2Se4]
2-

 ions are formed by the reaction of In2Se3 with selenium in 

hydrazine. Mixing of the Cu2S precursor and In2Se3 precursor solutions leads to the formation of 

In-S bonds, which likely bridge the two anions. This evidence suggests that all the components 

of the CISS phase are necessarily mixed on a molecular level, which in turn enables the 

formation of highly uniform polycrystalline CISS films at relatively low temperatures. Hydrazine 

solution processing therefore has tremendous potential for application to flexible solar cells, 

displays, and other electronics owing to the ability of this method to achieve high quality 

semiconductor films at low fabrication temperatures. 
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Chapter 3 Hydrazine Solution Processed CuIn(Se,S)2 Thin Film Solar cells: Energy 

Band Gap, Secondary Phases, and Grain Growth 

This chapter is dedicated to investigation on adjustment of energy band gap of CuIn(Se,S)2 

(CISS) thin films, secondary phase formation at the Mo/CISS interface and grain growth in the 

CISS absorber layers all of which are required to be well understood to achieve high 

performance photovoltaic devices. 

3.1 Introduction 

While crystalline silicon technology occupied approximately 85% of the photovoltaic market in 

2010, these modules are still more expensive than fossil fuels largely because of the costly 

silicon wafers, impeding the wide-spread use of solar cells as an energy source [2]. Therefore, 

thin film solar cells, including cadmium telluride, copper chalcopyrite, polycrystalline silicon, 

and amorphous silicon have been extensively researched to reduce the fabrication cost of solar 

modules [3]. Among them, Cu(In,Ga)(Se,S)2 solar cells have attracted a lot of attention due to 

their highest power conversion efficiency (PCE) of around 20% among thin film solar cells [5,6]. 

Achievement of such high PCE can be largely ascribed to the excellent optoelectronic properties 

of the absorber layer such as an Ohmic contact with the back electrode, long minority carrier life 

time, and optimized energy band gap. Among other reasons, these desirable properties can be 

partially ascribed to the formation of a MoSe2 phase at the Mo/absorber interface [10], large 

grain size in the absorber film [14], and partially replacement of indium and/or selenium by 

gallium and/or sulfur, respectively [5,6,10,14]. These properties are readily delivered by co-

evaporation techniques by precisely controlling the atomic flux of each element and the 

composition of film over the entire deposition period [5,6]. 
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However, the use of vacuum facilities in the preparation of the absorber layer has still 

caused difficulty in the low-cost and large area production of solar modules. Therefore, a number 

of research efforts have been dedicated to the development of non-vacuum deposition methods 

for the preparation of the absorber layer in an effort to reduce the cost of producing these devices 

[18-20,60-62]. Almost all reported non-vacuum methods demonstrating reasonable PCE values 

require a post selenization and/or sulfurization step which typically uses vacuum facilities as 

well as toxic gases such as H2Se and/or H2S. Furthermore, an undesirable redistribution of 

indium, gallium, and sometimes sulfur upon post selenization/sulfurization makes it difficult to 

optimize the final energy band gap profile of the absorber layer. 

 Several years ago, Mitzi et al developed hydrazine solution processed chalcogenide 

absorber layers including Cu(In,Ga)Se2 (CIGS) and CuIn(Se,S)2 (CISS) as a simple and high 

throughput process with no need for post selenization treatment [21,24,26,27]. These hydrazine 

processed CIGS solar cells currently hold the highest published PCE value of 15.2% among 

purely solution processed thin films solar cells despite its early stage of the development [21]. 

CIGS films used in the best solution-processed devices also exhibit a MoSe2 phase at the 

Mo/CIGS interface, large grain size in the absorber film, and an adjustable energy band gap.  

While this approach can readily be used to incorporate gallium into the deposited films, 

hydrazine-processed CISS layers are almost completely devoid of sulfur, often despite the 

addition of excess sulfur to the precursor solutions. Precise control over the sulfur content of 

CISS and Cu(In,Ga)(Se,S)2 thin films is essential in order to facilitate the optimization of the 

energy band gap and to produce any desired band gap grading. Thus, in order to further enhance 

the efficiency of hydrazine solution processed chalcopyrite thin film solar cells, it will be 

necessary to understand the structure of the involved precursor species, their interactions within 



25 

the hydrazine solutions, and the incorporation mechanism of dissolved sulfur into deposited 

CISS absorber layers. 

This chapter aims to understand sulfur incorporation mechanism, and microstructural 

properties of hydrazine processed CISS films including secondary phase formation at the  

Mo/CISS interface and the resulting grain structure in the CISS films. The mechanism of sulfur 

incorporation into hydrazine solution-processed CuIn(Se,S)2 films are investigated from 

molecular the complexes (N2H5)2S, [Cu6S4]
2-

, and [In2(Se,S)4]
2-

. In order to study microstructural 

properties of hydrazine processed CISS films, Raman spectroscopy and scanning electron 

microscopy (SEM) were used to observe grain structure in the CISS films. The tailoring 

molecular complexes present in hydrazine CISS precursor solutions are found to play a critical 

role in achieving desired energy band gap and microstructure in the CISS films. 

3.2 Experimental details 

Preparation and characterization of precursor solutions, films, and devices are presented.  

3.2.1 Preparation of precursor solutions, thin films, and devices 

Photovoltaic devices with the structure MgF2/Al/Ni/ITO/i-ZnO/CdS/CISS/Mo/Glass were 

prepared by sequentially depositing the CISS absorber layer using hydrazine solution processing, 

the cadmium sulfide (CdS) buffer layer by chemical bath deposition, the bi-layered window layer 

consisting of intrinsic zinc oxide (i-ZnO) and indium tin oxide (ITO) by radio frequency 

sputtering, the bi-layered metal grid composed of nickel (Ni) and aluminum (Al) by thermal 

evaporation, and the magnesium fluoride (MgF2) anti-reflection coating by thermal evaporation 

on Mo-coated soda lime glasses. 
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The CISS precursor solutions were prepared by mixing Cu-precursors containing Cu2S 

and sulfur with In-precursors containing of In2Se3 and selenium and/or sulfur (Fig. 3.1). The 

details of solution precursor preparation can be found in chapter 2. CISS films were deposited by 

spin-coating the hydrazine CISS precursor solutions at a spin-speed of 3000 rpm for 50 seconds. 

The coating was repeated to prepare 1~2 µm-thick layer to effectively absorb the solar spectrum. 

Between each coating step, the films were annealed at 300 
o
C for several minutes, and finally 

annealed at 525-575 
o
C for 10-30 minutes using rapid thermal annealing. Caution: hydrazine is 

highly toxic and should be handled with appropriate protecting equipment to prevent contact 

with either the vapors or liquid. The CdS layer was deposited from an aqueous bath containing 

cadmium acetate, thiourea, ammonium hydroxide and ammonium acetate at 65 
o
C. The i-ZnO 

layer was deposited at a relatively mild sputtering condition with a deposition rate below 0.25 

Å/s so as not to damage the devices. The ITO film was deposited at conditions of approximately 

1% oxygen to argon working gas flow to achieve both high optical transmittance (>90%) and 

low sheet resistance (~35 Ω/sq). 

3.2.2 Characterization of precursor solutions, thin films, and devices 

Raman spectroscopy was performed on the prepared CISS precursor solution and CISS films in a 

confocal backscattering configuration at room temperature using a Renishaw InVia model with a 

514.5 nm argon laser as a light source. XRD characterization was performed on the annealed 

films using a PANalytical X'Pert Pro X-ray diffractometer with a Cu Kα radiation source beam. 

The compositions of the thin films were obtained using EDX spectroscopy within an FEI Quanta 

600 scanning electron microscope at an acceleration voltage of 5 kV. Each EDX spectrum was 

obtained from an area of 100 μm x 100 μm on the sample surface. FeS2, copper, selenium and 

InAs were used as standards for the analysis of the sulfur, copper, selenium and indium content 
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of the films during EDX measurements. Room temperature PL spectra were obtained in order to 

estimate the band gap of the CISS films using a Horiba Fluorolog-3 spectrometer with a 660 nm 

semiconductor laser as the excitation source. PL signal from the samples was detected by a 

Hamamatsu H10330A photomultiplier tube cooled down to -60 
o
C during operation. The 

scanning electron microscopy images were taken on a Joel JSM-6700F. The current density-

voltage characteristics of the photovoltaic devices were measured using a Keithley 2400 power 

supply under a 100 mW/cm
2
 simulated AM1.5G spectrum provided by an Oriel 91191 solar 

simulator. 

3.3 Results and Discussion 

Effect of bonding environment of molecular species present in precursor solution on the 

electrical and structural properties of the final CISS films are investigated. 

3.3.1Energy band gap of hydrazine processed CuIn(S,Se)2 thin films 

We make use of [In2Se3+xS1-x]
2-

 or more simply [In2(Se,S)4]
2-

 ions by partially or fully replacing 

elemental selenium with elemental sulfur when dissolving the initial material. 

 Figure 3.1a shows the Raman spectra of In2(Se,S)3 precursor solution containing an 

equal amount of elemental chalcogen (Se and S) and In2Se3 as a function of the amount of sulfur 

substituted for selenium. It clearly exhibits a strong peak in the range 192~200 cm
-1

, which can 

be attributed to the In-Se bond vibration. The peak corresponding to this vibrational mode 

progressively shifts toward higher energies with increasing replacement of selenium by sulfur 

atoms in the precursor solutions. In addition, the intensities of In-S peaks, which can be 

deconvoluted into two peaks located at 315 cm
-1

 as a main peak and 335 cm
-1 

as a secondary 
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peak, were substantially enhanced by increasing the sulfur content in the precursor solutions as 

shown in Fig. 3.1b. 

 

Figure 3.1 (a) In2(Se,S)3 precursor solutions containing an equal amount of elemental 

chalcogen (Se and S) and In2Se3 with various amounts of selenium and sulfur, and (b) 

deconvolution of the In-S peaks obtained from the In2(Se,S)3 precursor solution. 

 

Furthermore, the peaks corresponding to S-H bonds, which can result from the formation of 

(N2H5)2S molecules, was not detected because all the sulfur atoms in the In2Se3 solution is 

consumed to form [In2(Se,S)4]
2-

, which is no longer capable of exhibiting an S-H vibration. 

Therefore, the dominant indium-selenium-sulfur phase present in hydrazine solutions must be 

[In2(Se,S)4]
2-

, which is formed through the following the overall chemical equation: 

2 In2Se3 + 2x Se + 2(1-x) S + 5N2H4 → 2 [In2Se3+xS1-x]
2-

 + 4 N2H5
+
 + N2 (gas)  (5) 

The stoichiometry of the [In2Se3+xS1-x]
2-

 complex can be easily adjusted by varying the elemental 

sulfur and  selenium initially added to the solutions. 

In order to investigate of sulfur incorporation efficiency from each molecular species into 

final CISS films, three specific [In2(Se,S)4]
2-

 complexes: [In2Se4]
2-

, [In2Se3.5S0.5]
2 

and 

[In2Se3.0S1.0]
2-

 were prepared. The Cu2S precursor solutions were mixed with each of the three 
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In2(Se,S)3 solutions to prepare three distinct CISS solutions. Type I CISS precursor solution was 

prepared by combining [Cu6S4]
2- 

with [In2Se4]
2-

, Type II CISS precursor solution was prepared 

by combining [Cu6S4]
2-

 with [In2Se3.5S0.5]
2-

, and Type III CISS precursor solution was prepared 

by combining [Cu6S4]
2-

 with [In2Se3.0S1.0]
2-

. Appropriate amounts of (N2H5)2S solution were then 

added to adjust the S/(S+Se) ratio in the final CISS precursor solutions to the constant value of 

0.6. 

 

Figure 3.2 Raman spectra of three different types of CISS precursor solutions, each with an 

S/(Se+S) ratio of 0.6. 

 

Figure 3.2 shows the Raman spectra obtained from each Type of CISS solution with 

S/(S+Se) ratios set to 0.6. Peak intensity is normalized using the hydrazine peak intensity. After 

their initial mixing, solutions were stirred for 1 hour before Raman characterization. The 

intensity of In-S originating from the [In2(Se,S)4]
2-

 species gradually increases from Type I 

through Type III, while both S-H bond intensity originating from (N2H5)2S and In-Se bond 
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intensity originating from [In2(Se,S)4]
2-

 are gradually reduced. The increase of a peak located at 

335 cm
-1

 is also originated from the increase of the secondary peak of In-S bond in [In2(Se,S)4]
2-

. 

In other words, a larger fraction of sulfur atoms are bonded to indium atoms in the form of 

[In2(Se,S)4]
2-

 and less sulfur atoms are bonded to hydrogen atoms in the form of (N2H5)2S in the 

progression of Type I, Type II, and Type III. 

CISS films were prepared by spin casting each of the CISS solutions, followed by a 

thermal annealing step at 350 
o
C. Figure 3.3 shows the dependence of the diffraction angle 2θ of 

the (112) peak of the CISS films on the S/(Se+S) ratios in the precursor solutions. The sulfur to 

selenium ratio for each type of solution was controlled by varying the amount of (N2H5)2S added 

to the mixed [Cu6S4]
2-

 and [In2(Se,S)4]
2-

 solutions. Increased sulfur incorporation in the CISS 

phase would cause its lattice parameter to shift to lower values, resulting in larger 2θ values [38].  

In this case, however, the 2θ112 values of the CISS films were almost identical regardless 

of the S/(S+Se) ratio for each type of CISS precursor solution, as shown in Fig. 3.3a. This 

indicates that sulfur incorporation efficiency from the (N2H5)2S molecular species is negligible, 

even at relatively high concentrations within the CISS precursor solution. However, the peak 

intensity of the S-H bond originating from (N2H5)2S shows negligible change when the elemental 

sulfur solution is mixed with either or both of the Cu2S and In2(Se,S)3 precursor solutions, 

indicating that (N2H5)2S interacts weakly or not at all with the metal chalcogenide anions. Thus, 

(N2H5)2S molecules that are only weakly coordinated with the non-volatile metal chalcogenide 

precursors in the final precursor solution can be anticipated to evaporate during spin coating and 

the following thermal annealing step. This prediction is supported by the observation that a 

significant amount of sulfur is lost from the precursor films even at temperatures below 120 
o
C 

[28]. 
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Figure 3.3 (a) Measured 2θ112 values of CISS films prepared using three different types of CISS 

precursor solution as a function of the S/(Se+S) ratio in solution and (b) X-ray diffraction 

patterns of the (112) peak of CISS films prepared using three different types of CISS precursor 

solution. 

 

In contrast, CISS films fabricated using In2(Se,S)3 precursor solutions with different 

amounts of sulfur substituted for selenium showed clearly different values of 2θ112 as shown in 

Figures 3.3a and b. The 2θ112 value of the CISS films gradually increased with increasing sulfur 

content in [In2(Se,S)4]
2-

 ions in the precursor solutions, indicating that sulfur from [In2(Se,S)4]
2-
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atoms into the CISS phase, the 2θ112 value moves between 26.75
o
, 26.88

o
, and 27.06

o 
in the 

progression of Type I, II, and III precursor solutions. Using the empirical approximation for the 

tetragonal lattice parameters of the CuInSexS2-x phase, which are described by the following 

equations [56]: 

 

a = 5.532 + 0.080l x + 0.0260 x
2
, c = 11.156 + 0.1204 x+ 0.0611x

2
 (6) 

 

the sulfur content of each CISS film can be estimated to be approximately 4.5 at.%, 8.5 at.% and 

14.5 at.% for Type I, II, and III, respectively. 

 

Figure 3.4 Raman spectra of CISS films prepared using three different types of CISS precursor 

solution. 
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Raman spectra obtained from each of these films provides further evidence for this effect. 

The peak resulting from the oscillatory motion of selenium atoms with respect to their 

neighboring copper and indium atoms in chalcopyrite CuInSe2 is typically reported at 174 cm
-1

. 

The corresponding peak in our spectra in Fig. 3.4 is gradually shifted in energy with increasing 

sulfur content in the [In2(Se,S)4]
2- 

precursor, and is located at 178, 181, and 184 cm
-1

, 

respectively for each solution. Using the experimentally determined relationship between sulfur 

content and measured peak position [53], the sulfur content in the CISS films was estimated to 

be approximately 5 at.%, 10 at.% and 15 at.% for Type I, II, and III, respectively.                               

The estimated values of the sulfur content based on these Raman spectra are quite close 

to the values deduced using the (112) peak position obtained from XRD measurements. In 

addition, the sulfur vibrational mode in CISS located at 291 cm
-1

 shows increased intensity from 

Type I to Type III. These effects indicate that the sulfur content introduced into the annealed 

CISS films progressively increases in direct correlation with the sulfur content of the 

[In2(Se,S)4]
2- 

 precursor. 

The compositional data discussed above now allows us to quantitatively estimate the 

efficiency of sulfur incorporation into the annealed CISS films prepared from solutions 

containing [Cu6S4]
2-

 and [In2(Se,S)4]
2-

. We propose the following chemical reaction for the 

formation of the CISS phase from [Cu6S4]
2-

 and [In2(Se,S)4]
2-

 molecular precursors: 

 

[Cu6S4]2− + 3 [In2Se3+xS1−x]2− +  8N2H5
+ →  6 CuInSe3+x

2
η
S2

3
ε+

1−x

2
ζ
 +  3 3 + 𝑥 (1 − 𝜂) Se +

 (4 1 − 𝜀 + 3(1 − 𝑥) 1 − 𝜁 ) S +  8 N2H4  +  4 H2    (7) 

 

where η is the incorporation efficiency of selenium from the [In2(Se,S)4]
2- 

species into the films, 

ε and ζ are the incorporation efficiencies of sulfur from the [Cu6S4]
2-

 and [In2(Se,S)4]
2- 

species, 
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respectively. In this analysis, we have set the incorporation efficiency of copper and indium from 

their respective molecular precursors into the CISS phase to be unity. The left hand side of the 

above equation represents the molecular species, [Cu6S4]
2-

 and [In2(Se,S)4]
2-

, present in the CISS 

precursor solution. Although (N2H5)2S molecules are clearly present in the final precursor 

solution, we have not included them in the proposed chemical reaction because this species 

negligibly incorporates into the final films. We include [N2H5]
+
 ions on the reactant side in order 

to maintain charge neutrality within the mixed solution. The first term on the right hand side the 

equation is the CISS phase whose composition will be determined by the incorporation 

efficiency of chalcogen (S and Se) from the [Cu6S4]
2-

 and [In2(Se,S)4]
2- 

species, and the latter 

terms represent loss of excess chalcogen, hydrazine, and hydrogen during the coating and 

thermal annealing processes. In the proposed chemical equation, we assume that sulfur and 

selenium evaporate in the form of elemental vapor for the simplicity of the proposed reaction. 

Even if the chalcogen species that do not remain in the solid phase were to volatilize in other 

forms such as H2S and H2Se, it would not change the calculated values for the incorporation 

efficiencies of each precursor molecule into the final film. With a quantitative model in place, 

EDX spectroscopy was employed to more precisely determine the composition of the CISS films 

from three different solutions, and the results are listed in Table 3.1. 

 

Table 3.1 EDX results for the composition of annealed CISS films prepared using three different 

types of CISS precursor solution each with an S/(Se+S) ratio of 0.6. 
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The sulfur compositions calculated from the XRD and Raman spectra were used as accuracy 

standards, serving to double and triple check the measured EDX values, which showed good 

agreement at each film composition. The incorporation efficiencies of selenium from [In2Se4-

x,Sx]
2-

 into the solid phase can be estimated at each x-value because [In2(Se,S)4]
2-

 is the only 

molecule containing selenium atoms in the mixed precursor solutions. However, two molecular 

precursors, [Cu6S4]
2- 

and [In2Se4-x,Sx]
2-

 contain sulfur atoms, so that a combination of EDX data 

at two different x-values is necessary in order to obtain incorporation efficiencies of sulfur from 

[Cu6S4]
2- 

and [In2(Se,S)4]
2- 

 into the films. 

 

Table 3.2 Incorporation efficiency of sulfur in [Cu6S4]
2- and [In2(Se,S)4]

2- and selenium in 

[In2(Se,S)4]
2- into annealed CISS films. 

 

 

 

Approximately 40% of sulfur atoms in [Cu6S4]
2-

 are estimated to be incorporated into the 

annealed films, while approximately 80% of sulfur and 90% of selenium atoms from 

[In2(Se,S)4]
2-

 are estimated to be incorporated into the films, as is tabulated in Table 3.2. The 

higher incorporation efficiency of selenium can be ascribed to the lower volatility of selenium 

compared to sulfur. It should be also noted that an error range of about 1 at.%, which is a typical 

2

3
𝜀 +

 1 − 𝑥 

2
𝜁 = 𝑧 𝑖𝑛 𝐶𝑢𝐼𝑛𝑆𝑒𝑦𝑆𝑧  

3 + 𝑥

2
𝜂 = 𝑦 𝑖𝑛 𝐶𝑢𝐼𝑛𝑆𝑒𝑦𝑆𝑧 
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value for EDX measurements, will change the values of incorporation efficiency by around 10% 

in the above calculation. The observed effects of molecular species on incorporation efficiency 

of sulfur into CISS films can be rationalized in the following manner. The chalcogen (Se + S) to 

metal (Cu + In) ratio is 1.33:1 in the mixed [Cu6S4]
2-

 and [In2(Se,S)4]
2- 

precursor solution, while 

the ratio in the films is 1:1. Therefore, sulfur from [Cu6S4]
2-

 competes with sulfur and selenium 

from [In2(Se,S)4]
2-

 to incorporate into the films. It has been demonstrated through 

thermogravimetric analysis that [Cu6S4]
2-

 is relatively unstable during heat treatment compared 

with [In2Se4]
2-

. [Cu6S4]
2-

 ions present in a hydrazine solution convert to Cu7S4 sheets by losing 

sulfur while drying at room temperature and lose additional sulfur to form Cu2S at temperatures 

below 120 
o
C [30]. In contrast, the indium chalcogenide complex is quite stable, losing minimal 

amounts of chalcogen below 220 
o
C, at which point the CISS phase will already be forming in 

hydrazine-processed films. Thus, it can be assumed that the Cu-S interactions in [Cu6S4]
2-

 ions 

are significantly weaker than the In-Se or In-S interactions present in the [In2(Se,S)4]
2-

 precursor. 

The disruption of Cu-S bonds would produce free sulfur atoms or volatile derivatives such as 

ammonium or hydrogen sulfide, which would contribute to the rapid loss of the sulfur. In 

addition, the size of copper atoms is much less than that of indium atoms, so that copper 

diffusion is likely to dominate in the precursor film [57], thus leaving sulfur behind to evaporate 

out during the formation of the CISS phase. This is one possible explanation for the observation 

that chalcogen species in the [In2(Se,S)4]
2-

 precursor are able to more effectively incorporate into 

the annealed films. 

In order to demonstrate the effects of indium precursor formulation on the electronic 

properties of the CISS phase, steady state PL measurements were employed to estimate the band 

gap of CISS films deposited using different types of precursor solution. The recorded data is 
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shown in Fig. 3.5. The main peak of each spectrum, showing near band edge emission, is located 

at 1.03 eV, 1.09 eV and 1.14 eV for Type I, II, and III films, respectively. These values are 

consistent with the empirically determined relationship between band gap energy and sulfur 

content in the CISS material system [58]. 

A simple and reliable description of sulfur and selenium incorporation from their soluble 

precursor compounds into CISS films is developed. Sulfur values of over 16.3 at.%, which 

corresponds to roughly a 33% displacement of selenium by sulfur in the CISS phase, have been 

demonstrated, and produced a corresponding band gap of up to 1.14 eV. This value agrees well 

with the average band gap of roughly 1.15 eV typically employed in high efficiency 

Cu(In,Ga)Se2 devices [59]. The facile adjustment of the absorber band gap within a range quite 

close to its ideal value makes the use of [In2Se4-xSx]
2-

 precursors highly relevant to the 

fabrication of high performance CISS photovoltaic devices. 

 Figure 3.5 Photoluminescence spectra of CISS films prepared using the three different types of 

CISS precursor solution. 
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3.3.2 Secondary phases at the Mo/CuIn(S,Se)2 interface 

The presence of a thin layer of MoSe2 at the Mo/absorber interface has been reported to provide 

Ohmic back contact which is important for achieving high performance photovoltaic devices 

[63]. MoSe2 phase can be typically formed by flowing selenium vapor or H2Se gas onto 

substrates held at temperatures above 400 
o
C during or after growth of the absorber layers [5,64]. 

In the hydrazine solution process, absorber layers are generally deposited at room temperature 

followed by high temperature annealing under nitrogen ambient. In other words, this process 

does not contain a continuous flux of selenium vapor or molecules containing selenium 

impinging on the substrate while it is held at high temperature. Thus, molecular species 

containing selenium atom(s) in precursor solutions must be responsible for MoSe2 phase 

formation. 

 

Figure 3.6 Two different kinds of CuIn(Se,S)2 precursor solutions. Left one contains only two 

molecular species, [Cu6S4]
2-, and [In2Se4]

2-. Right one additionally contains polyselenide 

molecules [Se]n. 
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[In2(Se,S)4]
2-

, [Cu6S4]
2-

, and polyselenide molecules [Se]n have been identified in 

hydrazine CISS precursor solutions. We employed two different kinds of CISS precursor 

solutions for the study on microstructural properties of the resulting CISS films. One contains 

only two kinds of molecular species, [Cu6S4]
2-

, and [In2Se4]
2-

 which are essential to form CISS 

phase, and the other one contains polyselenide molecules [Se]n in addition to above two 

molecular species (Fig. 3.6).  A pale yellow color and dark green color in the CISS precursor 

solutions originate from [Cu6S4]
2- 

complexes, and polyselenide molecules [Se]n, respectively. 

 

Figure 3.7 (a) Completed CuIn(Se,S)2 films are mechanically exfoliated and flipped over onto a 

3M tape. Optical microscopy images of (b) the exposed Mo surface and (c) a flipped over 

CuIn(Se,S)2 film on 3M tape. 
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In order to directly probe the microstructural properties of the prepared CISS films near 

the Mo surface, completed CISS films were mechanically exfoliated and flipped over onto 3M 

tape (Fig. 3.7a).  Figure 3.7b and c show optical microscopy images of the exposed Mo surface 

and the flipped over CISS film on 3M tape. Raman spectra were obtained from the exposed Mo 

surface, the top and bottom surface of the CISS films marked as (1), (2) and (3) respectively in 

Figure 3.7 and3. 8. 

In the CISS films prepared using CISS precursor solutions containing only the [Cu6S4]
2-

 

and [In2Se4]
2-

 molecular complexes. Several secondary phases other than CISS including MoS2, 

CuSe, and CuIn5S8, were observed on the exposed Mo surface while only the CISS chalcopyrite 

single phase was detected from both the back and front surface of the film (Fig. 3.8a). The 

Raman spectra revealed a MoS2 peak at 400 cm
-1

 [65-67], CISS peaks at 176 and 292 cm
-1

 [53], 

a CuSe peak at 263 cm
-1

 [67,68-70], broad peaks related to the CuIn5S8 phase in the 320-380 cm
-

1
 range [65,66,71], and an un-identified peak at 223 cm

-1
 which can be related to the existence of 

copper rich phase [67]. Nonetheless the overall composition of this film of In/Cu~1.2 falls into 

the expected range of thermodynamically stable chalcopyrite phase, both the copper rich phase 

(CuSe) and indium rich phase (CuIn5S8) coexisted with CISS phase at back interface, implying 

the phase separation of CISS into CuSe and CuIn5S8. The presence of several secondary phases 

resulting from the phase separation of CISS at the back interface will negatively affect the 

photovoltaic performance of any resulting device. 

MoS2 formation can be attributed to the reaction of sulfur in [Cu6S4]
2-

 with the Mo 

electrode. The [Cu6S4]
2-

 complex is relatively unstable during thermal treatment compared with 

[In2Se4]
2-

 [72]. Thus, it can be assumed that the Cu-S interactions in [Cu6S4]
2-

 ions are 

significantly weaker than the In-Se interactions in [In2Se4]
2-

 ions. It is thus likely that the Mo 



41 

bottom electrode preferentially reacts with sulfur in [Cu6S4]
2-

 rather than with selenium in 

[In2Se4]
2-

 ions. Thus, out-diffusion of sulfur from [Cu6S4]
2-

 into the Mo may leave free copper 

atoms or copper rich complexes which would trigger the phase separation of CISS into CuSe and 

CuIn5S8. This is one possible explanation for the observation of the co-existence of MoS2, CuSe, 

CuIn5S8 and CISS phases at the Mo/CISS interface. 

 

 

Figure 3.8 Raman spectra taken from the exposed Mo surface, and the top and bottom surface 

of the CuIn(Se,S)2 films marked as (1), (2) and (3), respectively. The spectrum intensity from 

exposed Mo surface is amplified by 10 or 3 to provide for easier viewing. (a) The CuIn(Se,S)2 

films prepared using the precursor solutions containing only [Cu6S4]
2- and [In2Se4]

2- exhibits 

several secondary phases including MoS2, CuSe, and CuIn5S8 near the back interface. (b) In 

contrast, the CuIn(Se,S)2 films prepared by the precursor solutions containing polyselenide 

molecules [Se]n in addition to [Cu6S4]
2- and [In2Se4]

2- show only MoSe2 peaks at the back 

interface. A distinct CuIn(Se,S)2 single phase peak can be observed from both the front and 

back surface of the CuIn(Se,S)2 film in both cases. 

 

In contrast, Raman spectra of the CISS film prepared by CISS precursor solutions 

containing polyselenide molecules [Se]n in addition to [Cu6S4]
2-

 and [In2Se4]
2-

 show only MoSe2 

peaks at 168 cm
-1

, 237 cm
-1

, 251 cm
-1

, 286 cm
-1

, and 347 cm
-1 
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distinct CISS phase peak at 175 cm
-1

 from both front and back surface of the CISS film  (Fig. 

3.8b). A potential mechanism for the dramatically different back contact structure is as follows. 

In the presence of polyselenide molecules [Se]n, the Mo film preferentially reacts with selenium 

in [Se]n to form MoSe2 rather than with the sulfur in [Cu6S4]
2-

 complexes because polyselenide 

molecules [Se]n are not bound to metal atoms. The preferential formation of MoSe2 would allow 

sulfur atoms to stay in [Cu6S4]
2-

 ions, maintaining a homogeneous precursor mixture during film 

formation and ultimately stabilizing the CISS phase near back interface. 

3.3.3 Grain growth in CuIn(S,Se)2 thin films 

The effects of the presence of polyselenide molecules [Se]n in CISS precursor solutions on the 

grain structure of the resulting CISS films has been also investigated. A large grained film 

structure can be typically achieved by supplying a large selenium flux to substrates held at high 

temperatures (≥500 
o
C). Hydrazine solution processing, however, cannot simply borrow pre-

developed techniques from other deposition methods in achieving large grained film structure 

due to its unique deposition method. The resulting grain structures of prepared CISS films are 

shown in Figure 3.9. Hydrazine processed CISS films are typically prepared by coating multiple 

layers followed by a final thermal annealing step. Therefore, the interface between each CISS 

layer can affect the grain structure of final annealed films. Clearly visible interfaces can be 

observed between each CISS layer in the CISS film prepared by CISS precursor solutions 

containing only [Cu6S4]
2-

 and [In2Se4]
2-

species (Fig. 3.9a). In this situation CISS grain size is 

evidently limited by the interface present between each deposited layer thickness by the inhibited 

grain growth across the interface. Speculative reasons for this observation are as follows. The 

oxygen level in the dry box during the preparation of the CISS films used in this experiment was 

maintained at approximately 1 ppm which corresponds to a partial pressure of oxygen of 
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approximately 1mTorr.  Under these conditions, it will take only 1 ms for oxygen molecules to 

hit the entire CISS surface [74]. This may partially oxidize the top surface of each CISS layer, 

ultimately forming interfaces that resist atomic diffusion and further grain growth.  

 

 

Figure 3.9 Cross-sectional SEM images of CuIn(Se,S)2 films. (a) A number of voids are 

observed along the interfaces between each deposited CuIn(Se,S)2 layer prepared using the 

precursor solutions containing only [Cu6S4]
2- and [In2Se4]

2-. (b) Such void formation can be 

avoided by adding polyselenide molecules [Se]n into the CuIn(Se,S)2 precursor solutions. 

 

In contrast, the CISS grain size is clearly larger than each CIS layer thickness in the film 

prepared using CISS precursor solutions having polyselenide molecules [Se]n. Much smaller 

number of voids are observed in this film than the film prepared by the solution without 

polyselenide molecules [Se]n (Fig. 3.9). Polyselenide complexes [Se]n are not bound to copper or 

indium atoms, and the relatively rapid motion of selenium atoms and molecules may assist 

expansion of grain across the interfaces present within absorber layer.  

 

[In2(Se,S)4]
2-, [Cu6S4]

2-, [Se]n[In2(Se,S)4]
2-, [Cu6S4]

2-

500 nm500 nm

(a) (b)



44 

3.3.4 Photovoltaic device performance 

Figure 3.10 Structure of the MgF2/Al/Ni/ITO/i-ZnO/CdS/CuIn(Se,S)2/Mo/Glass photovoltaic 

device and current density-voltage characteristics of our best CuIn(Se,S)2 solar cell with a PCE 

of 11.1% under dark and illuminated conditions. 

 

Figure 3.10 shows the device structure and current density-voltage characteristics of our best cell 

under dark and AM1.5G illumination conditions, yielding a power conversion efficiency of 

11.1% with a short circuit current density of 29.9 mA/cm
2
, fill factor of 70.5%, and open circuit 

voltage of 530 mV. 

 

3.4 Conclusions 

Through the compositional analysis of films formed using different precursor compositions and 

ratios, we have determined that sulfur in the (N2H5)2S precursor is too volatile to effectively 

incorporate into the growing CISS phase. Sulfur from the [Cu6S4]
2-

 complex is forced to compete 

with chalcogen from [In2(Se,S)4]
2-

 to incorporate into the films because the chalcogen content in 

the molecular precursor solution is necessarily larger than that in the films. Approximately 40% 
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of the sulfur atoms from [Cu6S4]
2-

 appear to incorporate into the annealed films while 

approximately 80% of the sulfur and 90% of the selenium atoms from the [In2(Se,S)4]
2-

 precursor 

are successfully incorporated. The higher volatility of the sulfur atoms in [Cu6S4]
2-

 compared to 

those in [In2(Se,S)4]
2-

 can possibly be ascribed to the lower thermal stability of the [Cu6S4]
2-

 

complex as compared with [In2(Se,S)4]
2-

. Controlling the composition of the [In2Se3+xS1-x]
2-

 

precursor in the mixed CISS precursor solution offers a reliable mechanism through which to 

control the sulfur content of the resulting semiconductor material, which in turn can enable the 

precise adjustment of the band gap of hydrazine processed CISS thin films. 

The microstructural properties of CISS absorber layers are important to achieve high 

efficiency solar cells. Stability of the chalcopyrite phase and the careful control of chemical 

reactions with adjacent layer are key issues in achieving the desired microstructure in high 

performance CISS layers. The preferential reaction of the Mo back contact with sulfur in the 

form of [Cu6S4]
2-

 precursor complexes can cause the formation of several potentially detrimental 

secondary phases at the Mo/CISS interface such as CuSe and CuIn5S8. Also, the interfaces 

formed between each CISS layer during sequential deposition can act as barriers for the grain 

growth in multi-layered CISS films, often leaving a number of holes along the interfaces. The 

addition of polyselenide molecules [Se]n into the CISS precursor solution resulted in not only the 

formation of only the MoSe2 phase at the back interface which is responsible for achieving 

Ohmic back contacts but also the formation of a CISS phase with a dense grain structure. More 

refined control of molecular precursor species and their bonding environments as well as the 

deposition processes will be required to further improve photovoltaic device performance. 
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Chapter 4 Transparent Conductors Composed of Silver Nanowires Networks 

Embedded in Indium Tin Oxide Nanoparticle Matrices 

Silver nanowire meshes have demonstrated sheet resistance and optical transmittance 

comparable to those of sputter-deposited indium tin oxide thin films. However, other critical 

issues including surface morphology, mechanical adhesion and flexibility have to be addressed 

before employing silver nanowire networks as window layers in thin film solar cells. Here, it is 

discussed that surrounding silver nanowires by conductive indium tin oxide nanoparticles offers 

low wire to wire junction conductance, improved surface morphology and excellent mechanical 

flexibility while maintaining the high transmittance and the low sheet resistance (86% at 11 

Ω/□). 

4.1 Introduction 

Conducting metal oxides films such as indium tin oxide (ITO) films and aluminum doped zinc 

oxide films have been widely used as transparent conductors in a variety of optoelectronic 

devices including liquid crystal displays, touch screens, organic light emitting diodes, and thin 

film solar cells owing to their unique material properties capable of simultaneously 

demonstrating high optical transparency and high electrical conductivity. However, sputtering 

techniques are almost always required to order to properly deliver their favorable properties in 

the form of large area thin films [15-17]. The complexity of fabricating sputtered films makes 

less cost effective due to the use of vacuum equipments. To make it worse, the brittle nature of 

sputtered ITO thin films makes its use difficult on flexible substrates because the films crack 

when their substrate is bent. Therefore, sputtered ITO thin films are not compatible with high-

throughput roll to roll processing. Furthermore, when ITO films are sputter-deposited onto 
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organic optoelectronic devices, energetic particles and heat generated during sputtering process 

can easily damage underlying organic layers leading to device degradations or failures [75-79].
 

Flexible transparent conductors processable under thermally and chemically benign conditions in 

vacuum environment are urgently needed to effectively replace sputtered ITO thin films for 

lower cost production and for emerging flexible electronics. 

 Calculations predict that metal nanowire networks have potential to demonstrate 

substantially higher transmittance than sputtered ITO thin films at equivalent sheet resistance 

values [80]. In this approach, the high optical transmittance of the networks that can be achieved 

is not from their intrinsic optical properties but from the relatively low surface coverage of the 

nanowires. Therefore, in order to thus achieve comparable sheet resistance to that of sputtered 

ITO thin films at equivalent transmittance, nanowire materials have to have much higher 

intrinsic electrical conductivity than that of conductive metal oxides. Lee et al. first demonstrated 

solution-processed randomly dispersed silver nanowire (AgNW) mesh as a promising candidate 

to replace sputtered ITO thin films by providing both low sheet resistance and high transmittance 

[80]. In order for silver nanowire networks to be effectively incorporated into wide range of 

modern optoelectronic devices, the following challenge must be simultaneously resolved [81]: 

(1) wire to wire junction resistance; (2) surface roughness; (3) gaps between silver nanowires 

causing parasitic lateral current flow; (4) appropriate work function; (5) mechanical robustness 

including adhesion and flexibility; and (6) process compatibility. 

Although significant progress regarding AgNW meshes have been achieved during the past 

five years in addressing the above issues by developing processing methods including 

mechanical pressing, thermal annealing, plasmonic welding, electrochemical gold coating, and 

layer transfer methods, etc [82-97], all of the reported methods address only part of the above 
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issues and their application would be very limited to certain kinds of devices structures. 

Therefore, new processing and materials structure must be further developed to simultaneously 

fulfill all of the above requirements. In addition, from a practical point of view, the fabrication 

and processing of any involved materials should be simple and cost effective while maintaining 

excellent optoelectronic properties. 

 In this chapter work, in order to attempt to resolve nearly all of the current issues 

imposed on AgNW networks, solution-deposited conductive metal oxide nanoparticles onto pre-

existing AgNW network are employed. The embedding the AgNW network in the conductive 

metal oxide nanoparticle matrix offers many advantages including improved wire to wire 

junction conductance, improved surface morphology, excellent mechanical adhesion, and 

flexibility. As the first demonstration of this method, indium tin oxide nanoparticles (ITO-NP) 

were selected as a conductive metal oxide nanoparticle because of their relatively maturity and 

industrial availability. Although our present electrode design contains indium which is under 

concerns of supply and price, it is expected that indium free conductive metal oxide 

nanoparticles such as aluminum doped zinc oxide and antimony doped tin oxide nanoparticles 

may play equivalent roles to ITO-NP in the future electrode architecture. It is also expected that 

this electrode design will allow AgNW films to be practically employed a wide range of 

optoelectronic device applications. 

4.2 Experimental details 

Preparation and characterization of films are present in this section. 

4.2.1 Preparation of thin films 
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AgNWs solutions were spun at spin speed of 1000 rpm for 60 s onto Polyethylene terephthalate 

(PET) substrates to form randomly dispersed AgNW network, and ITO-NP films solution 

sequentially spun at spin speed of 2000 rpm for 30 s onto the AgNW network. The AgNW 

solutions were purchased from Seashell Technologies and diluted to 1 mg/mL concentration. The 

diameter and length of the AgNWs approximately have 120 nm of diameter and 30 µm of length, 

respectively. AgNW network with different sheet resistance and optical transmittance values 

were obtained by repeated spin-coating process. The employed ITO-NP solutions are prepared 

by mixing 30 wt% of ITO-NPs dispersed in isopropyl alcohol (Sigma Aldrich) with Polyvinyl 

Alcohol dissolved in deionized water. The PVA solution was added to into the ITO-NP solution 

to further improve mechanical adhesion of the resulting AgNW/ITO-NP films.  

4.2.2 Characterization of thin films 

Scanning electron microscope images were taken to investigate surface morphology and 

structural features of the films. Transmittance of the films was measured using a Hitachi 

Ultraviolet–Visible Spectrophotometer (U-4100). The sheet resistances of the films were 

measured using the four point probe method. The two-point probe method was used to estimate 

the surface resistance of the films during bending test using a multimeter. 

4.3 Results and discussion 

Room temperature solution-deposited flexible metal nanowire networks embedded in conductive 

metal oxide nanoparticle matrix as transparent conductors offering improved surface morphology 

and excellent mechanical flexibility while maintaining the high transmittance and the low sheet 

resistance, are investigated in this section. 

4.3.1 Microstructure 

http://en.wikipedia.org/wiki/Polyethylene_terephthalate
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The surface morphology of a metal nanowire network is critically important to its successful 

incorporation into optoelectronic devices. The nature of randomly dispersed metal nanowire 

network lead to protrusions produced by overlapping wires which were as approximately three 

times high as the diameter (~120 nm) of the employed nanowires (Fig. 4.1a and c).  

 

 

Figure 4.1 (a) Tilted (75o) view SEM images of a bare silver nanowire network. (b) Plain view 

SEM images of an indium tin oxide nanoparticle film deposited on pre-existing silver nanowire 

network. (c)  Cross sectional SEM image of silver nanowire network embedded in an indium tin 

oxide nanoparticle matrix. 

 

This surface morphology would not be suitable to modern thin film optoelectronic 

devices fabrication wherein the thickness of each layer is frequently less than 100 nm. This 

rough surface could frequently cause the device short failure. Furthermore, the large lateral holes 

(a) (b)

500 nm 500 nm

100 nm silver nanowire

ITO-NP matrix

(c)
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(1-10 µm) between silver nanowires as shown in Fig. 4.1a could be also problematic in the 

lateral carrier collection of devices in which carrier diffusion length is not much larger than the 

gap size. 

The use of a transparent conductive nanoparticle matrix improved the surface 

morphology of nanowire films. The pre-deposited nanowire mesh was completely covered by 

ITO nanoparticles without leaving any gaps or space. As a result, the nanowires cannot be seen 

in the plain view SEM image shown in Fig. 4.1b. The resulting surface roughness was also 

significantly improved. The localized height variation of the film was same order of magnitude 

of the size (10-30 nm) as the employed nanoparticles as observed by cross-sectional and plan 

view SEM (Fig.4.1b and c). It is thus expected that the surface roughness can be further 

improved by decreasing the nanoparticle size. More importantly, other active electronic materials 

can be deposited directly onto the ITO-NP matrix surface without any special treatment because 

most conventional thin film optoelectronic materials are optimized to be compatible with the 

electronic properties of the ITO surface. It can be expected that the work-function of ITO-NP 

matrix surface, which is critically important in optimizing charge transport across the electrode 

interface, can be readily adjusted by depositing thin layer of metal oxide, ultra-violet treatment 

and oxygen plasma treatment similar to vacuum deposited ITO films [98,99]. 

4.3.2 Optoelectrical properties 

The sheet resistance of AgNW networks depends on the dimension (length and diameter) of the 

wires, wire areal density, each wire resistance, and wire to wire contact resistance. At the given 

dimension of the wires and wire areal density, wire to wire junction resistance rather limits 

overall the sheet resistance due to its extremely high value, typically larger than 1 GΩ, in as-

prepared AgNW networks [83]. It is thus critically important to ensure low wire to wire junction 
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resistance. The possible existence of small vertical gaps between silver nanowires and insulating 

ligands used for synthesis and solution dispersion is likely to hinder carrier transport across the 

wire to wire junction. Although fused wire to wire junction can be readily achieved by thermal 

annealing around 180 
o
C or mechanical pressing, these methods may not be applicable on heat 

sensitive and/or readily deformable materials and devices. 

 

              

Figure 4.2 (a) The sheet resistance values of a plain indium tin oxide nanoparticle film and a 

number of silver nanowire networks before and after nanoparticle matrix deposition. (b)  Ratios 

between the sheet resistance value of silver nanowire networks before and after the deposition 

of the indium tin oxide nanoparticle matrix.  

 

10
-1

10
1

10
3

10
5

10
7

ITO-NPNW1 NW2

 

 

S
h

e
e

t 
re

s
is

ta
n

c
e

 (




 Before ITO-NP dep.

 After ITO-NP dep.

 Plain ITO-NP

NW7NW6NW4NW3 NW5

0.00

0.05

0.10

0.15

0.20

 

 
 

R
A

g
N

W
/I
T

O
-N

P
/R

A
g
N

W

(a)

(b)



53 

The deposition of ITO-NP matrix onto bare AgNW network dramatically decreased the 

sheet resistance of the films (Fig. 4.2a). The sheet resistances of AgNW/ITO-NP films ranged 

from 0.0024% to 15% of those of bare AgNW films depending on the wire aerial density of the 

films (Fig. 4.2b).  The wire number density was approximately linearly increased from NW1 to 

NW7 by repeated spin-coating of the AgNW solution. The meshes with smaller wire density 

showed more significant decrease in sheet resistance. The decrease of sheet resistance cannot be 

explained by conduction taking place predominantly in the ITO nanoparticles because the sheet 

resistance of the plain ITO-NP film was as high as 20000 Ω/□. Based on the observation that 

there was no obvious change of shape in the pre-deposited nanowire network upon the ITO-NP 

matrix deposition, these results thus verify the reduced wire to wire junction resistance upon the 

deposition of the conductive nanoparticle matrix. The bare AgNW meshes with smaller wire 

areal density have shown to have lager average wire to wire junction resistance [80] which 

implies that the junction resistance is a more dominant component in the sheet resistance of the 

films with smaller wire areal density. Thus, more dramatic decrease in the sheet resistance of the 

films with smaller wire density was observed because low wire to wire junction resistance was 

achieved in the all prepared networks upon the sequential deposition of the ITO-NP matrix. 

The microstructure of deposited AgNW/ITO-NP films supports the argument for 

improved wire to wire junction conductance. Cross-sectional scanning electron microscopy 

(SEM) image shows that each AgNW is surrounded by densely packed ITO nanoparticles (Fig. 

4.1c). The smaller size of the individual ITO nanoparticles than the dimension of the AgNWs 

likely allows them to readily pack into the gaps left in the as-deposited mesh. The reduction of 

wire to wire contact resistance is thus attributed to the conductive ITO nanoparticles filling the 

vertical gap which allows the wires to be connected together via conductive a medium. Free 
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electrons are then able to flow across wire to wire junction without undergoing significant 

electrical resistance.        

 

              

Figure 4.3 (a) The optical transmittance at 600 nm of a plain indium tin oxide nanoparticle film 

and a number of silver nanowire networks before and after the deposition of the indium tin oxide 

nanoparticle matrix. (b) Difference in the transmittance at 600 nm of the silver nanowire 

networks before and after the deposition of the indium tin oxide nanoparticle matrix.  

 

High optical transmittance is as important as low sheet resistance in transparent 

conductors. In this section, the transmittance change of AgNW films after ITO-NP matrix 

0

20

40

60

80

100

NW15 ITO-npNW8 NW9

 

 

T
ra

n
s
m

it
ta

n
c
e

 (
%

)
 Before ITO-NP dep.

 After ITO-NP dep.

 Plain ITO-NP

NW14NW13NW11NW10 NW12

0

5

10

 

 

 

T
A

g
N

W
-T

A
g
N

W
/I

T
O

-N
P

 (
%

)
(a)

(b)



55 

deposition is discussed. The transmittance of the films were only slightly decreased by 3% to 8% 

after ITO-NP matrix deposition depending on wire areal density (Fig. 4.3a) while a significant 

decrease was simultaneously observed in the sheet resistance of the films . Wire areal density 

increased in a nearly linear fashion from NW15 to NW8 by repeated spin-coating with the same 

strategy used to achieve a similar trend in sample NW1 to NW7.  Thus, the optical transmittance 

of the films was almost linearly decreased from NW15 to NW8 (Fig. 4.3b). The films with 

higher wire density showed more transmittance loss after deposition of the ITO-NP matrix. Since 

plain ITO-NP nanoparticle films showed a transmittance of 97.5% at 660 nm, the additional 

ITO-NP film does not simply account for the transmittance loss in the films. The results suggest 

the light scattering induced by depositing the ITO-NP matrix is enhanced in samples with higher 

wire density. The enhanced scattered light could be advantageous for thin film photovoltaic 

devices by providing better absorption of light and better photogenerated carrier collection. 

Organic solar cells would perhaps be expected to benefit most from this effect. These organic 

devices are often unable to completely absorb light because their absorber layer thickness is 

typically limited by short carrier diffusion lengths. Enhanced light scattering could be also useful 

to reduce the thickness of absorber layers in chalcogenides and polycrystalline or amorphous 

silicon solar cells. 

The room temperature solution-deposited AgNW networks embedded in ITO-NP 

matrices showed sheet resistance and transmittance values comparable to commercially available 

sputtered-deposited ITO electrodes (Fig. 4.4a). These values are also comparable to those of 

reported AgNW networks by other groups [82-97]. The transmittance of AgNW/ITO-NP films 

with several different sheet resistance values are shown in Fig. 4.4a.  The transmittance of the 

films was largely flat across all measured wavelength regions because optical transmittance in 
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metal nanowire films is controlled almost entirely by the sparseness of the metal wire network. 

The transmittance at 600 nm reaches 91% when sheet resistance was 44 Ω/□; 89% at 23 Ω/□, 

and 86% at 11 Ω/□. 

 

 

Figure 4.4 (a) The transmittance of the AgNW/ITO-NP films over several different sheet 

resistance values. (b) Transmittance versus the sheet resistance and the maximum achievable 

transmittance of conductive AgNW/ITO-NP films. (c) Plot of sheet resistance versus TC-T 

representing the relationship between the sheet resistance and the transmittance of the 

AgNW/ITO-NP films. 

 

Predicting the relationship between transmittance and sheet resistance will be useful 

because these two parameters are perhaps the most important properties in the selection of 

effective transparent conductors. Percolation theory for randomly dispersed one-dimensional 

objects predicts the wire areal density at the percolation threshold, to be 𝑁𝑐 = 17.94/𝜋𝐿2, and 

the relationship between the sheet resistance and the wire areal density beyond the percolation 

threshold, to be 1/𝑅𝑠 ∝  𝑁 − 𝑁𝑐 
𝛼  [100], where NC is wire areal number density at the threshold 

point, 𝐿 is wire length, RS is the sheet resistance of the networks, and N is the wire areal density 

dispersed on the surface, and α is an exponent depending on the dimension of resulting meshes. 

To relate the sheet resistance with the transmittance from the above percolation theory, a 

relationship between the transmittance and the wire areal number density is found. The 
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transmittance loss in metal nanowire networks is mainly due to the reflective scattering of light 

by the metal nanowires. The loss of optical transmittance is thus approximately equal to the 

surface coverage of the metal nanowires. The surface coverage (SC) will be the average 

projected area of wires (𝐿𝐷) times the wire areal number density (𝑁). At the threshold point, 

𝑆𝐶𝐶 = 𝑁𝑐  ×  𝐿𝐷 = 17.94𝐿𝐷/𝜋𝐿2 = 5.71𝐷/𝐿 where 𝐷 and 𝐿 is the diameter and length of the 

metal wires. Thus transmittance at percolation point, TC, will be expressed as below: 

𝑇𝑐 = 100 ×  1 − 5.71𝐷/𝐿 %        (1) 

TC, equivalent to achievable maximum transmittance of a conductive network, is solely 

determined by the aspect ratio of wires while the critical wire areal number density is solely 

determined by the length of wires. The nanowires employed in this work have approximate 

diameters of roughly 120 nm and the lengths of around 30 µm. TC is estimated to be 

approximately 97.7% while the experimental determined maximum transmittance of the 

AgNW/ITO-NP is about 94.5% from Fig. 4.4b. This difference is most likely to be resulted from 

additional transmittance loss by large angle light scattering and light absorption by the ITO-NP 

matrix. 

By combining percolation and wire surface coverage, the sheet resistance, RS, versus 

optical transmittance, T, can be described by the equation: 

1/𝑅𝑠 ∝ (𝑇𝑐 − 𝑇)𝛼           (2) 

The linear plot of log (RS) vs log (TC - T) allows us to extract the α value to be 1.27 as shown in 

Fig. 4.4c. This value is similar to the theoretical value of α = 1.33 for two-dimensional network 

composed of one-dimensional objects. The difference is likely due to incomplete random 

orientation of our nanowires. The nanowires were partially oriented in a radial direction which is 
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possibly caused by their deposition via spin-coating. The higher transmittance at certain sheet 

resistance values could be obtained by aligning of silver nanowires in preferred orientations. 

4.3.3 Mechanical properties 

                 

Figure 4.5 (a) Variation in the surface resistance of the AgNW/ITO-NP film deposited on a PET 

substrate as a function of radius of curvatures. (b) Variations in the final surface resistance of an 

Ag NW film as a function of number of cycles of bending to a 0.5 cm radius of curvature. The 

values were measured after the substrate was relaxed to back to planar shape. 
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 In order for a potential electrode material to be used in flexible devices and to be compatible 

with roll to roll processing, the electrode must meet certain mechanical requirements including 

flexibility and adhesion.  The tape test is commonly used to test film adhesion to under layers. 

The adhesion of AgNW networks was significantly improved by the coating of the ITO-NP 

matrix. While bare AgNW films were completely peeled off during the tape test, the 

nanocomposite remained on substrates without any visible change in surface coverage or 

electrical resistance change, demonstrating the excellent mechanical adhesion of the combined 

nanowire and nanoparticle layer. In addition to mechanical adhesion, The AgNW/ITO-NP offers 

excellent mechanical flexibility even under severe concave and convex bending (Fig. 4.5a). The 

surface resistance of the AgNW/ITO-NP film was observed to change approximately 30% of its 

initial value when the film was bent to a 0.5 cm radius of curvature. For convex (concave) 

bending, the surface resistance of the film decreased (increased) with decreasing a radius of 

curvature. It is likely that the convex bending of substrate induces compressive forces at the wire 

to wire junction, which in turn may improve the wire to wire junction conductance. It also 

indicates that AgNW networks embedded in ITO-NP matrices have a room to be further 

improved. More importantly, the resistance was completely recovered to its original value when 

the substrate was relaxed to back to planar shape even after as many as one hundred bending 

cycles to a radius of curvature of 0.5 cm (Fig. 4.5b). This recovery is attributed to the flexible 

nanoparticle matrix firmly holding nanowire network in place, which prevents the permanent 

deformation of the networks. 

4.4 Conclusions 

Room temperature solution-deposited AgNW networks embedded in ITO-NP matrices 

demonstrate significant improvement in surface morphology, mechanical adhesion, and 
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flexibility while maintaining the sheet resistance and transmittance values necessary to replace 

conventional sputtered ITO thin films. Surrounding the AgNW network by ITO has been 

observed to dramatically improve wire to wire conductance. The improved surface morphology 

is achieved by completely filling the gaps left between nanowires and fully covering the 

nanowires with nanoparticles. Anchoring the nanowire network in place using nanoparticle 

matrix also offers excellent substrate adhesion and mechanical flexibility. It is expected that 

electrode structures of metal nanowire networks embedded in conductive metal oxide 

nanoparticle matrices can be successfully incorporated into a variety of device structures suitable 

for a diverse set of applications. 
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Chapter 5 Fully Solution-Processed High Performance CuIn(Se,S)2 Thin Film Solar 

Cells 

Silver nanowire (AgNW) networks embedded in indium tin oxide nanoparticles (ITO-NP) are 

demonstrated as transparent conductors with smooth surface morphology and excellent 

mechanical flexibility while maintaining the high transmittance and the low sheet resistance 

(86% at 11 Ω/□).  In this chapter, fully solution processed CuIn(S,S)e2 (CISS) photovoltaic 

devices utilizing this nanocomposite electrodes are demonstrated with photovoltaic parameters 

equal to or even beyond those with intrinsic zinc oxide (i-ZnO) and indium tin oxide (ITO) top 

contacts. In addition, current-voltage characteristics of the devices are analyzed in detail. 

5.1 Introduction 

Silver nanowire (AgNW) networks have demonstrated the optical transmittance and sheet 

resistance values necessary to replace vacuum-deposited conducting metal oxides [81,84-

87,92,94].
 
However, their successful use in high performance optoelectronic device architectures 

remains largely uncertain. The most challenging issue currently facing the application of AgNW 

meshes to photovoltaic devices is likely reduced charge carrier transport possibly due to 

incomplete mechanical and electrical contact between the AgNW network and the top surface of 

the device. Here, liquid-phase coating of silver nanowire composite layers composed of silver 

nanowire networks encased in a conductive nanoparticle matrix is demonstrated, and the role of 

each component in their application to thin film photovoltaic devices is elucidated. As a 

demonstration and proof of concept, indium tin oxide nanoparticle (ITO-NP) film was selected 

as a conductive metal oxide nanoparticle matrix and high efficiency fully solution-deposited 

CISS photovoltaic devices utilizing these nanocomposite top electrodes instead of the 
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traditionally sputtered oxide layers have been fabricated. Photovoltaic devices utilizing these 

nanocomposite electrodes demonstrated photovoltaic parameters equal to or even beyond those 

with sputtered intrinsic zinc oxide (i-ZnO) and sputtered indium tin oxide (ITO) top contacts. 

This work offers significant impacts on the development of nanowire based materials whose 

deposition is both facile and compatible with a wide range of optoelectronic devices. 

CuInSe2-based chalcopyrite thin film solar cells have demonstrated the highest power 

conversion efficiency (PCE) among thin film solar cells [5,6]. However, significant cost 

reductions as well as large scale production are necessary to compete with conventional 

electrical power generation. Most research efforts have been dedicated to the development of 

non-vacuum deposition methods for the preparation of the absorber layer in an effort to reduce 

the cost of producing these devices [12,18,19,24-28,61,62]. In order for an absorber deposited 

under atmospheric conditions to significantly offset production costs, it is vital to replace the 

sputtered i-ZnO and sputtered ITO or aluminum doped zinc oxide (AZO) layers with transparent 

conductors that are also compatible with atmospheric deposition on a manufacturing-scale. 

Several years ago, Contreras et al. reported the demonstration of a transparent top 

electrode based on single-walled carbon nanotubes for devices using a co-evaporated 

Cu(In,Ga)Se2 absorber layer [22]. However, these devices showed significantly lower PCE than 

those employing sputtered AZO electrodes, mainly due to a reduced short circuit current density 

(JSC) and fill factor (FF). In order for solution-processed top contacts to provide a viable 

alternative to sputtered oxide window layers, it will be necessary to develop improved electrode 

structures that are able to offer comparable or even higher JSC and FF values than those deposited 

in high vacuum. 
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Building on our earlier works on solution processed CISS films and devices [12,28], a 

newly developed nanocomposite transparent electrode composed of an interspersed AgNW mesh 

and ITO-NP film are employed to be capable of producing high performance fully solution-

processed CISS photovoltaic devices. Devices fabricated using these top electrodes offer PCE 

values of 10.3%, which is higher than the 9.35% PCE produced by using conventional sputtered 

i-ZnO/ITO contacts. Although our present electrode design contains indium, which is under 

scrutiny due to its low geological abundance, it is expected that lower cost conductive metal 

oxide nanoparticles such as aluminum doped zinc oxide and antimony doped tin oxide will be 

able to play comparable roles to the ITO-NP layer in future electrode architectures. the 

AgNW/ITO-NP top contact is also applied to devices based on a co-evaporated Cu(In,Ga)Se2 

absorber layer prepared by National Renewable Energy Laboratory. The PCE of the device suing 

the solution-prodessed AgNW/ITO-NP window layer is comparable to that of the device with 

sputtered i-ZnO/AZO top contacts (Supporting Information). These device results indicate that 

this technology offers a valuable advantage in processability without any sacrifices in device 

performance. 

5.2 Device fabrication and characterization 

Photovoltaic device fabrication: CISS absorbers were deposited onto Mo-coated soda-lime glass 

through hydrazine solution processing, and CdS films with thicknesses of around 30 nm were 

prepared on the CISS films using chemical bath deposition. After the deposition of the CdS 

layer, AgNW/ITO-NP films were spin coated onto the devices as a transparent top electrode with 

typical sheet resistance values of ~25 Ω/□. Additionally, devices using a bare AgNW mesh were 

also prepared in order to examine the effects of the ITO-NP film on device performance. 

Sputtered i-ZnO/ITO films were deposited onto the CdS/CISS/Mo/Glass structures to act as 

http://www.nrel.gov/
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control devices for comparison. The sheet resistance of the sputtered ITO films was typically 35 

Ω/□. The device area used for each of these structures was 0.12 cm
2
, determined by mechanically 

scribing all layers aside from the Mo back contact. 

Materials: For the preparation of AgNW mesh and ITO-NP films, AgNWs dispersed in 

isopropyl alcohol (Seashell Technologies) was spin-coated onto substrates. The diameter and 

length of the AgNWs were approximately 120 nm and 30 µm, respectively. ITO nanoparticle 

solution was then spun onto the AgNW meshes followed by thermal annealing around 100 
o
C for 

a few minutes to dry solvent out. Bare AgNW top contacts were also thermally annealed at 100 

o
C to act as control samples. The ITO nanoparticle solutions were prepared by mixing the ITO 

nanoparticles (Sigma Aldrich) dispersed in isopropyl alcohol with Polyvinyl Alcohol (PVA) 

previously dissolved in deionized water. The PVA solution was added to the ITO nanoparticle 

dispersion in order to enhance the mechnical adhesion of the resulting films.  

Characterization: Transmittance of the films prepared on glass substrates was measured 

using a Hitachi Ultraviolet–Visible Spectrophotometer (U-4100). Sheet resistances of the 

conducting films were measured using the four point probe method. The J–V characteristics of 

the photovoltaic cells were measured using a Keithley 2400 power supply under a 100 mW/cm
2
 

simulated AM1.5G spectrum provided by an Oriel 91191 solar simulator. The capacitance-

voltage characteristics of the photovoltaic devices were measured using a Hewlett-Packard 

4284A LCR Meter using a frequency of 100 kHz at room temperature. 

5.3 Photovoltaic performance  
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Figure 5.1 (a) Transmission spectra of a sputtered ITO, an AgNW/ITO-NP film, a bare AgNW 

mesh, and a plain ITO-NP film. (b) Cross-sectional scanning electron microscope image of the 

fully solution processed CuIn(S,Se)2 device with an AgNW/ITO-NP top contact. (c) The current 

density-voltage characteristics of the CuIn(S,Se)2 devices with top contacts made using a bare 

AgNW mesh, an AgNW/ITO NP film, and sputtered i-ZnO/ITO. 
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The transmittance of the top contact structures (AgNW/ITO-NP, sputtered ITO, and bare 

AgNW) employed in this study have been examined and will be linked to photovoltaic 

performance. Both sputtered ITO (RS~35 Ω/□) and solution-processed AgNW/ITO-NP films 

(RS~23 Ω/□) show approximately 90% transmittance in the visible region (Fig. 5.1a).  The plain 

ITO-NP films (RS~20,000 Ω/□) showed optical transmittance values of over 97% in visible 

region. The transmittance of the AgNW mesh is almost flat across all measured wavelength 

regions because transmission in metal nanowire films is controlled almost entirely by the 

sparseness of the network. The AgNW/ITO-NP film shows approximately 2~3% less 

transmittance than the bare AgNW mesh (RS~30 Ω/□) likey due to additional light absorption 

and scattering by the ITO nanoparticles. Based on the sheet resistance values of the bare AgNW 

films (RS~30 Ω/□) and ITO-NP layer (RS~20,000 Ω/□), the AgNW mesh plays a dominant role 

in achieving low macroscopic sheet resistance across the nanocomposite films. 

The device structure of our full solution-processed CISS device with a structure of ITO-

NP/AgNW/CdS/CuInSe2/Mo/Glass is shown in Fig. 5.1b.  It is clearly visible that each nanowire 

is surrounded by densely packed ITO nanoparticles which effectively fill the empty lateral space 

between the AgNWs as well as the small vertical gaps between the CdS layer and the first layer 

of silver nanowires, further improving contact between the nanowire mesh and the bulk of the 

device. In this device structure, sputtered i-ZnO as well as sputtered ITO was completely 

replaced by our solution-processed AgNW/ITO-NP electrode. It can be expected that the gentle, 

low temperature and chemically benign solution process employed in the preparation of this new 

top electrode will significantly reduce the possibility of damaging the CdS and CISS layers 

during the deposition process. Any benefits gained by using an i-ZnO layer deposited at low 

sputtering power to protect the underlying junction from ITO or AZO sputtering are largely 
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removed, and high performance devices can be made by depositing this new top electrode 

directly onto the CdS layer. 

Use of AgNW/ITO-NP nanocomposite top contacts in devices shows comparable or even 

better photovoltaic device parameters than those that employ sputtered i-ZnO/ITO films. The 

current density-voltage (J-V) characteristics of each device structure are shown in Fig. 5.1c. The 

device with an AgNW/ITO-NP top contact produced a PCE of 10.3%, with VOC = 0.494 V, 

JSC = 30.1 mA/cm
2
, and FF = 69.3%, ROC = 2.15 Ω-cm

2
 where ROC = dV/dJ at J = 0. The control 

device yielded the parameters PCE = 9.35%, VOC = 0.496 V, JSC = 27.4 mA/cm
2
, FF = 68.8%, 

ROC = 2.30 Ω-cm
2
. The integration of the transmission weighted with the AM1.5 spectrum for 

the AgNW/ITO-NP and the sputtered i-ZnO/ITO were 88.8%, and 88.6%, respectively. The 

approximately 10% higher JSC of the device with an AgNW/ITO-NP top contact than that of the 

control device is possibly due to light scattering in the nano-structured top electrode.
[1]

 This 

would result in the scattered light incident on the absorber surface generating electron-hole pairs 

closer to the CISS/CdS junction, and a higher fraction of carriers being successfully collected 

and separated into photocurrent. To investigate of the role of each component in the 

nanocomposite top contact, particularly the role of the ITO-NP films, devices with a bare AgNW 

top electrode were also fabricated. This device showed a PCE of 1.09%, with VOC = 0.454 V, 

JSC = 11.1 mA/cm
2
, and FF = 21.8% with ROC = 132 Ω-cm

2 
. The greatly reduced PCE was 

primarily due to dramatic reductions in the JSC and FF, most likely related to the vastly increased 

ROC. These three device structures show reproducible differences in performance, despite their 

top electrodes each exhibiting high transmittance (~90%) and low sheet resistance (~30 Ω/□). 

Dramatic reductions in both the JSC and FF in the device with a bare AgNW top contact were 

likely caused by high resistance pathways involved in the collection of photocurrent due to the 
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sparseness of the AgNW mesh. Thus, filling the lateral and vertical gaps present in the bare 

AgNWs network deposited on the top surface of the device using densely packed ITO 

nanoparticles provides low resistance conduction pathways and excellent contact to CdS layer 

for carriers to move to the nearest metal nanowire, which results in the dramatic improvement of 

both the JSC and FF of the completed devices. 

5.4 Laterally resolved photogenerated carrier collection 

 

Figure 5.2 (a) Illustration of simplified electron flow pathways while shining a laser on top of a 

device with an AgNW top electrode. (b) Optical microscope image of the surface of the device 

with an AgNW network. (c) Measured photocurrent values as a function of distance from a 

nanowire and (d) at different x=0 spots, close to various AgNWs while shining a laser before 

and after ITO-NP film deposition onto the AgNW network. 
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In order to further elucidate the role of the ITO-NP matrix on device performance, spatially 

resolved photogenerated carrier collection measurements were taken on a device with a AgNW 

top contact before and after ITO-NP film deposition. the device current at short circuit conditions 

was measured while shining a focused laser (514 nm) with a spot size of roughly 1 µm at various 

positions on the device surface. The same device was used for both measurements, with the ITO-

NP film being deposited after the first round of data was taken. A schematic of the relevant 

current pathways is depicted in Fig. 5.2a. Figure 5.2b shows the optical microscope image of the 

AgNW mesh onto which the laser was directed, with the direction of a one-dimensional line scan 

indicated by a black arrow. Before ITO-NP film deposition, externally measured current 

gradually decreases with increasing distance from the nanowire (Fig. 5.2c). The photoelectrons 

generated far from the AgNW must move laterally to reach the AgNW network, marked as (1) in 

Fig. 5.2a. Once the current reaches the AgNW mesh, it travels to the device terminal through 

metallic conduction pathways, marked as (2) in the figure. In the device with a bare AgNW top 

contact, the lateral current marked as (1) above figure flows through CISS, CdS or CISS/CdS 

interface. Thus a longer lateral path length to reach to metal network may induce additional 

series resistance and recombination loss of photogenerated electrons in the device. These 

components would then result in the reduction in the measured JSC and FF of the device. In 

contrast, the deposition of the conductive ITO-NP film makes the measured current values 

almost constant regardless of position, suggesting that photogenerated carriers are efficiently 

accepted into the nanowire network via the conductive film filling the empty space present in the 

nanowire mesh. 

It is well known that increased series resistance reduces both JSC and FF [101,102]. It can  

be calculated that the sheet resistance of the matrix material must be kept below 1M Ω/□ in 
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AgNW networks with an approximate wire spacing of 10 μm (Supporting Information), in order 

to keep this series resistance component below 0.1 Ω cm
2
, at which point it will have negligible 

contribution to the total device series resistance. Here, it should be noted that the sheet resistance 

of the deposited ITO-NP films is approximately 20,000 Ω/□, which is well below the 

requirement mentioned above.  Thus, the lateral current flow, marked with (1) in Fig. 5.2a, is 

well mediated by the nanoparticle film, which offers a low resistance pathway acros the short 

distance to the nearest AgNW, and so greatly improves both the JSC and FF of the device. 

Interestingly, the measured current values while shining the laser at x=0, i.e. close to the 

AgNWs, are extremely diverse prior to ITO-NP film deposition (Fig. 5.2d). The effect of lateral 

current flow on carriers generated at points near x=0 should in theory be negligible. The 

variation in collected currently directly adjacent to a nanowire can likely be ascribed to poor 

AgNW/CdS contact across the device surface, probably due to poor adhesion of the bare AgNW 

mesh to the CdS layer. In contrast, after the deposition of ITO-NP film onto the bare AgNW 

network, the device shows much higher photocurrent values that are nearly constant across the 

device surface. This improvement may be due to the nanoparticles offering excellent mechanical 

adhesion to the CdS layer, as well as circumventing any potential barriers to the passage of 

photocurrent imposed on devices with a bare AgNW electrode. 

5.5 Energy band bending and charge carrier transport 

The inhibition of photocurrent collection in bare AgNW devices can likely be ascribed to 

reduced band-bending in the CISS layer [7,103]. In the situation in which the CdS layer is fully 

depleted after junction formation, the work function of the top contact layer will play an 

important role in determining the junction characteristics of the completed device. While a CdS 

layer alone is capable of forming a heterojunction and associated space charge region [11],  
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photogenerated carriers will eventually arrive at a conductive electrode, which should be 

carefully chosen to maximize band bending in the CISS layer and encourage charge separation 

and collection [14]. The use of bare AgNW top contacts, which have a significantly higher 

reported work function than sputtered ITO films [96,104] can be expected to reduce the amount 

of band bending (VCISS) present in the absorber layer as shown in Fig. 5.3a, which would in turn 

significantly decrease the collection of photogenerated carriers [7,103].  

 

Figure 5.3 (a) Schematic band diagram of a CuIn(S,Se)2 device under illumination. (b) Mott-

Schottky plots of CuIn(S,Se)2 devices with top contacts made using a bare AgNW network, an 

AgNW/ITO-NP nanocomposite, and a sputtered i-ZnO/ITO film. (c) Schematics of the photo-

generated electrons flow pathways from the CuIn(S,Se)2 bulk to the AgNW in the devices with 

an AgNW/ITO-NP top contact. 
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To confirm the presence of reduced band bending in the CISS absorber layer in devices 

with bare AgNW top contacts, Mott-Schottky plots of the samples were extracted from room 

temperature capacitance-voltage measurements (Fig. 5.3b). The device with a bare AgNW 

contact showed an approximately 0.35 V lower built in potential (Vbi) than the devices prepared 

using either the sputtered ITO film or the AgNW/ITO-NP composite. Since the dopant 

concentration in the CISS and CdS layers can be expected to remain constant in each device 

architecture, there should be a direct correlation between the total built in potential and  the 

extent of the space charge region into the CISS layer. The larger built in potential present in 

sputtered ITO or ITO nanoparticle-based devices should thus result in significantly enhanced 

band alignment in this type of device. The dramatically different magnitude and slope of the 

capacitance values for the device with the bare AgNW electrode shown in Fig. 5.3b can be 

attributed to the differing effective contact area of the bare AgNW electrode. The bare AgNW 

network makes direct contact with only about 10% of the top surface of the device, leading to 

capacitance values that are only about one tenth of those of devices with ITO top contacts. 

Based on these observations, the following carrier motion for photo-generated electrons 

in CISS devices with AgNW window layers are proposed. In devices with bare AgNW top 

contacts, photogenerated electrons must diffuse to the CISS/CdS interface, overcome the 

conduction band discontinuity between the CISS and CdS layers, and laterally move through the 

CdS layer to reach the AgNW networks. Significant lateral current flow can increase series 

resistance and recombination losses within the device. Furthermore, the limited injection of 

photogenerated current into the CdS layer may result from reduced bend bending in the CISS 

layer due to high work function of the AgNWs. The addition of the ITO-NP film onto the AgNW 

mesh not only removes any barriers for photocurrent flow by providing proper band alignment in 
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the device but also provides low resistive pathway to reach AgNW networks without power loss 

(Fig.5.3c). 

5.6 Anomaly in J-V: Red kink and crossover 

In standard Cu(In,Ga)Se2 devices with conventional sputtered metal oxide window layers, 

distortion in the current density-voltage (J-V) curve can be caused by non-Ohmic back-contacts 

[105], deep level defects in the absorber [106,107], and buffer layers [108-111], and at the 

absorber/buffer interface [107,111]. It is observed that while our control CISS devices with a 

conventional sputtered i-ZnO/ITO window layer did not show any J-V distortion, our CISS 

devices utilizing silver nanowire composite window (SNCW) layers composed of silver 

nanowires embedded in indium tin oxide nanoparticles layer showed both crossover and red kink 

in J-V characteristics. 

In this work, it is reported that the existence of acceptor-like deep level defects at the 

buffer/window interface in the SNCW/CdS/CISS/Mo device structure leads to crossover and red 

kink which are removed after illuminating with white-light, and then gradually re-appear after 

the illumination is turned off. 

5.6.1 Theory for crossover and kink 

Carrier transport behaviors are strongly affected by band alignment in semiconductor device 

structures. Figure 5.4 shows schematic conduction-band minimum 𝐸𝐶  of the CISS/CdS/SNCW 

structure at zero bias with a typical spike type CISS/CdS junction. In Fig. 5.4, 

𝑉𝐶𝐼𝑆𝑆  , 𝑉𝐶𝑑𝑆   𝑎𝑛𝑑 𝑉𝑊 are the band bending potentials in the CISS, CdS, and window layer, 

respectively. ∆𝐸𝐶
𝑎𝑏𝑎𝑛𝑑 ∆𝐸𝐶

𝑏𝑤  are the conduction band discontinuities between the CISS and the 
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CdS, and between the CdS and the window, respectively. ∆𝐸𝐹𝑛  is the difference between the 

conduction band edge of the CISS and the electron quasi-Fermi level at the CdS/CISS interface. 

 

Figure 5.4 Conduction band minimum EC alignment in the structure of CISS/CdS/window, and 

electron flows along energy band and their energy barrier for photo-current and diode current. 

 

Injected electrons from the top electrode have to surmount the energy barrier ∅𝑏
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generated electrons approaching the junction, the conduction band barrier will have negligible 

influence on the total photocurrent collected from the device. Current passing through the barrier 

by thermionic emission is linearly dependent on the electron concentration at the CISS/CdS 

interface [23,103]. This electron concentration is increased exponentially with 𝑉𝐶𝐼𝑆𝑆  which is 

reduced by applying a forward bias. Thus, the smaller values of  𝑉𝐶𝐼𝑆𝑆  at zero bias can lead to 

kink in J-V curve. 

5.6.2 Electrical characterization  

SNCW layer was deposited onto the structure CdS(30 m)/CISS(1500nm)/Mo(350nm)/Glass to 

complete the devices (Fig. 5.5a) by the sequential spin-coating of silver nanowires and indium 

tin oxide nanoparticles. A control device with conventional sputtered i-ZnO(50nm)/ITO(150nm) 

was also fabricated for comparison (Fig. 5.5b). 

 

Figure 5.5 Structure of CISS device with SNCW layer composed of silver nanowires embedded 

in indium tin oxide nanoparticles. (b) Control device with a sputtered i-ZnO/ITO window layer. 
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The J-V characteristics of the fabricated devices were measured using a Keithley 2400 

power supply under dark, red-light illumination and white-light illumination. Dark J-V and red J-

V curves were measured both before and after white-light illumination to investigate each of 

their dependence on white light. White-light illumination was obtained by a simulated AM1.5G 

spectrum with a power density of 100 mW/cm
2 

provided by an Oriel 91191 solar simulator. For 

red J-V measurements, a 700 nm (1.77 eV) long pass optical filter was placed just above the 

photovoltaic devices to remove higher energy photons than the energy band gap of the CdS layer 

(2.4 eV) from the AM1.5G spectrum. (Fig. 5.6a) The transmittance of the optical filter was 

approximately 85% above the 700 nm region and ~ 0% at wavelengths below the 700 nm region. 

(Fig. 5.6b) Thus, measurement conditions for red J-V forbid the photo-generation of electron-

hole pairs in the CdS layer. 

 

Figure 5.6 (a) Set-up for red J-V measurement. Optical filter is placed just above samples cut 

off light with wavelength less than 700 nm (a) optical transmittance of the filter used for red J-V 

measurement. 
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5.6.3 Reversible appearance and disappearance of crossover and red kink 

Figure 5.7 shows dark J-V and, red J-V curves before and after white-light illumination, and the 

white-light J-V curves of devices with SNCW layer as well as sputtered i-ZnO/ITO control 

devices. 

 

Figure 5.7 Dark J-V and red J-V (a) before, and (b) after white- light illumination, and white-light 

J-V of CISS device with SNCW. Dark J-V and red J-V (c) before, and (d) after white-light 

illumination, and white-light J-V of the control device with a sputtered i-ZnO/ITO. Crossover and 

red kink are observed only in CISS devices with SNCW before white-light illumination. 
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The device with the SNCW clearly shows a crossover of the dark J-V and the white-light J-V at 

voltages slightly above open circuit voltage (Fig 5.7a and b) while the control device with a 

sputtered i-ZnO/ITO showed no such distortion both before and after white-light illumination 

(Fig. 5.7c and d). Under red-light illumination in the device with the SNCW, good collection of 

photo-current only below 0.1 V, reduced photo-current collection in the range from 0.2 V to 0.4 

V, and almost no collection of photo-current collection in the range of above 0.4 V were 

observed. Impeded photo-current collection below the open circuit voltage significantly 

decreases the fill factor (FF) of photovoltaic device. This observation is typically referred to as 

the red kink. Both J-V distortions disappeared after shining white-light on the device, but 

gradually re-appeared after the illumination was turned off. 

5.6.4 Acceptor like defects at the CdS/Window interface: J-V dynamics 

Based on above experimental observations and the expected band alignments that may lead to 

crossover and red kink, the existence of acceptor-like deep level defects at the CdS/SNCW 

interface is proposed. Under dark conditions, these deep level interfacial defects are mostly 

occupied by electrons supplied by the n-type adjacent layers (Fig. 5.8a) resulting in negative area 

charge at the CdS/SNCW interface and a positive space charge region in the SNCW. This charge 

distribution allocates less space charge inside the CISS layer [23]. As a result of this charge 

distribution, the magnitude of 𝑉𝐶𝐼𝑆  value is reduced while 𝑉𝑊 value increases (Fig. 5.8b) which 

in turn can lead to crossover and red kink as explained earlier during the band alignment 

discussion. Once white-light illuminates devices with a SNCW, high energy blue photons 

generate electron-hole pairs in the CdS layer. Photo-generated holes then attempt to occupy the 

negatively charged interface defects by competing against electrons present near the interface, 
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which includes photo-generated electrons within the CdS layer and electrons in the adjacent 

SNCW. 

 

Figure 5.8 (a) Acceptor–like deep level defects at the CdS/SNCW interface are negatively 

charged by capturing electrons from n-type window layer under dark, and are neutralized by 

capturing photo-generated holes in the CdS under white-light illumination. (b) Resulting EC 

alignment under dark and after white-light illumination. Band-bending in the CISS and window 

layer are increased and decreased upon white-light illumination, respectively. 
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charged acceptor-like defects are largely neutralized under white-light illumination by capturing 

holes present in the CdS layer. As a result, the 𝑉𝐶𝐼𝑆𝑆  value is increased and 𝑉𝑊 value is decreased 

(Fig. 5.4b) which in turn leads to the disappearance of both crossover and red kink. After 

turning-off the white-light, the CdS layer can no longer sustain an appropriate concentration of 

photo-generated holes. Most interfacial defects are then re-occupied by electrons which leads to 

the re-appearance of J-V distortions. In other words, the charge state of the acceptor-like defects 

at the CdS/SNCW interface is dependent on the concentration of electrons and holes in each of 

adjacent layers, and the capture cross-section for holes and electrons. Under dark conditions, the 

electron concentration is much larger than holes in the n-type buffer and window layers, and 

therefore electrons occupy most of the defects. Under the white light illumination, the 

concentration of holes becomes more comparable to that of electrons and the capture cross-

section for holes remains much larger than that for electron. Thus, most electrons located at 

defects recombine with holes resulting in neutralization of the defects. 

To investigate the response speed of the acceptor-like defects located at CdS/SNCW 

interface, red J-V curves were measured as a function of white-light illumination time and as a 

function of time after turning off white-light. The measurement of red J-V distortion ∆𝑉 was 

defined by the voltage difference between distorted red J-Vs and a fully recovered red J-V at half 

of the short circuit current density (JSC).  Red kinks were fully removed from the J-V curves after 

only 10 sec white-light illumination (Fig. 5.9a and b), while it took approximately 1000 sec to 

completely relax back to the maximum red J-V distortion (Fig. 5.9c and d).  This is a reasonable 

result, as it can be expected that the time constant for creating the red kinks is inversely related to 

the capture cross-section for electron by neutralized acceptor-like defects and the time constant 
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for removing it is be inversely related to the capture cross-section for hole by negatively charged 

acceptor-like defects. 

 

Figure 5.9 (a) Red J-V and (b) degree of red J-V distortion as a function of different period of 

white-light illumination. (c) Red J-V and (d) degree of red J-V distortion as a function of time 

after turning off white-light. Red J-V distortion is disappeared by illuminating white-light for 

approximately 10 sec, and red J-V distortion are totally relaxed back to maximum in 

approximately 1000 sec after turning off white-light.  
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The general nature of acceptor-like defects, which is to exhibit a significantly larger capture 

cross-section for holes when they are negatively charged than for electrons when they are 

neutral, results in factor of 100 difference in time constant between the formation and removal of 

the kink the J-V curves. The red J-V distortion dynamics and its maximum distortion are also 

related to the interfacial defect properties including defect density, distribution within the energy 

band gap, white-light intensity, and the electrical properties of window layer. 

 

Figure 5.10 Short current density of red J-V slightly decreases with degree of red J-V distortion 

possibly due to smaller depletion region width in CISS layers accompanied by larger value of 

degree of red J-V distortion. 
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As discussed earlier, although the red J-V distortion ∆𝑉 mainly decreases FF, it also 

causes a slight decrease in the JSC of the red J-V(Fig. 5.10). Decreased the JSC with increasing ∆𝑉 

can be explained by a decreased minority carrier diffusion current reaching the CISS/CdS 

interface rather than limited thermionic emission over the energy barrier ∆𝐸𝐶
𝑎𝑏  in Fig. 5.4 

because photo current can be effectively collected via a large thermionic emission current below 

0.1 V applied bias. The collection length in the CISS layer for photo-generated minority carriers 

is approximately the sum of the minority carrier diffusion length and the depletion region width 

in CISS layer [112]. Therefore, a smaller depletion region width accompanying a large ∆𝑉 can 

reduce carrier collection length, and in turn JSC. 

5.7 Conclusions 

In conclusion, the low temperature solution processing of AgNW/ITO-NP transparent 

conductors and their successful application to fully solution-deposited CISS thin film 

photovoltaic devices are demonstrated. Devices with the AgNW/ITO-NP top contacts showed 

even higher PCE than control devices fabricated using traditional sputtered metal oxide layers. 

Long-range current flow across the top surface of the device is easily mediated by AgNW 

network, while continuous ITO-NP films offer carrier transport in short range (~10 μm) to fill 

the gaps between each nanowire as well as provide excellent electrical contact to the CISS 

device. It is also anticipated that metal nanowire meshes with interspersed conductive  metal 

oxide nanoparticle films can effectively serve as transparent conductors for a wide variety of 

devices, eventually leading to thin film solar cells and light emitting diodes with reduced 

fabrication costs and competitive device performance. 

The J-V characteristics of CISS devices with a solution processed silver nanowire composite 

window layer composed of silver nanowires embedded in indium tin oxide nanoparticles are also 
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investigated. Negatively charged deep level acceptor-like defects at the CdS/SNCW interface 

lead to crossover and red kink in the measured J-V characteristics of SNCW devices. Both 

crossover and red kink are removed by the photo-generation of holes in the CdS layer that 

neutralize the defects and produce a more favorable extraction configuration for photocurrent 

exiting the absorber material. The red J-V distortion gradually re-appeared after turning off the 

white-light because the defects become negatively charged again in the absence of holes creaed 

by photons with energies higher than the energy band gap of CdS. Further studies on the physical 

origin of the CdS/SNCW interfacial defects, their characteristics, and the effects of the electrical 

properties of the SNCW layer on J-V distortion are still under investigation. 

5.8 Supporting Information 

 

Co-evaporated Cu(In,Ga)Se2 based devices with AgNW/ITO-NP window layer: Co-evaporated 

Cu(In,Ga)Se2 absorber layers were prepared on Mo-coated soda lime glass substrates followed 

by CdS film deposition using chemical bath deposition. After the deposition of the CdS layer, 

AgNW/ITO-NP film was spin coated onto the device as a window layer. Sputtered i-ZnO/AZO 

film was also deposited onto the CdS/Cu(In,Ga)Se2/Mo/Glass structures to act as a control 

device for comparison. Ni/Al metal grid was finally deposited on the device surface. The device 

area used for each of these structures was 0.42 cm
2
. The J–V characteristics of the photovoltaic 

cells were measured under a 100 mW/cm
2
 simulated AM1.5G spectrum. The AgNW/ITO-NP 

film was deposited in University California, Los Angeles while all other processing and the J–V 

measurement was done in National Renewable Energy Laboratory. 

The performance of the device with AgNW/ITO-NP window layer is comparable to that 

of the device with sputtered i-ZnO/AZO films (Fig. 5.11). The device with the AgNW/ITO-NP 

top contact produced a PCE of 13.1%, with VOC = 0.638 V, JSC = 30.2 mA/cm
2
, and FF = 68.1%. 

http://www.nrel.gov/


85 

The control device yielded the parameters PCE = 13.4%, VOC = 0.609 V, JSC = 30.3 mA/cm
2
, 

FF = 72.8%.  

 

Figure 5.11: The current density-voltage characteristics of the co-evaporated Cu(In,Ga)Se2 

based devices with top contacts made using an AgNW/ITO-NP film, and sputtered i-ZnO/AZO. 
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approximately corresponds to half the distance between each AgNW. In the prepared AgNW 

meshes with transmittance values of around 90% and sheet resistances of around 25Ω/□, the 

istance between the AgNW ranged from 1 μm to 10 μm. When L is 5 μm, and in order to keep 
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this series resistance component below 0.1 Ω cm
2
, at which point it will have negligible 

contribution to the total device series resistance, RSheet must be kept below 1M Ω/□. 
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