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Abstract 

In this thesis, Cu2ZnSnS4 (CZTS), Cu2ZnSn(S,Se)4 (CZTSSe) and CuIn(S,Se)2 (CISSe)  thin-

films have been optimized to use as the key light-absorbing and conversion layer for solar cells. 

CZTS nanocrystals (NCs) were solvothermally synthesized, etched with acetic acid and 

structurally analyzed using synchrotron spectroscopy. Electrodeposited CZTSSe films showed 

a non-ideal increase in sulfur with lower selenization temperature and post-process etching. 

Compositional studies of electrodeposited CISSe films confirmed the decrease in selenium 

after the acetic acid etching. Through PECMs and other conventional characterization 

techniques, it was determined that non-etched CZTSSe and CISSe solar devices performed 

better than their etched counterparts, achieving efficiencies of 5.3% and 2.1%, respectively. In 

contrast, the results of the CZTS NCs achieved a higher efficiency for the etched device at 

6.5%. In the end, electrodeposition proved to be a cheaper, more replicable technique, while 

CZTSSe demonstrated to be the most cost-effective light-absorber-layer for efficient solar 

cells.  
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Summary for Lay Audience 

Solar energy presents itself as an optimistic renewable source to meet increasing global energy 

demands. Sunlight is one of the cleanest and most abundant sources of energy available and 

can be harvested into thermal or electrical energy. The most common technology to convert 

the light into electricity are silicon-intensive photovoltaic (PV) devices. As a result, PV 

alternatives with lower material costs are being pursued.  

Research has been devoted to developing thin-film solar cells to reduce manufacturing costs 

as they need less material. This type of device typically focuses on and employs p-type 

semiconducting materials to act as the light-absorbing and conversion layer. Nonetheless, thin-

film solar cells are not yet widely commercialized due to their low power efficiencies and use 

of rare and expensive elements. The three light-absorbing layers that were studied in this thesis 

are Cu2ZnSnS4 (CZTS), Cu2ZnSn(S,Se)4 (CZTSSe) and CuIn(S,Se)2 (CISSe) as they consist 

of earth-abundant elements.  

On all light-absorber-layers, post process etching with acetic acid was employed and its effects 

were studied by photoelectrochemical measurements (PECMs). This technique involves a 

three-electrode electrochemical cell and an oxidizing agent in solution. The charge transfer 

from the film to the solution, upon illumination of the cell, defines the quality and performance 

of the film. Post-process etching has been shown to improve film performance and device 

efficiency as it removes surface impurities that inhibit current. Yet this was only true for the 

films comprised of CZTS nanocrystals (NCs).  

In order to improve film reproducibility and lower production costs, electrodeposition was used 

to fabricate the light-absorber-layers. Selenium was introduced into the CZTSSe and CISSe 

films in hopes to further enhance the photoresponse. Using conventional techniques along with 

synchrotron spectroscopy, all three materials were characterized before and after etching to 

determine how this post-process structurally affected the film and why only some materials 

reap the benefits. This thesis is split into three parts, one for each of the light-absorbing layers 

studied. Full solar cells are fabricated and resulting device efficiencies are compared to 

determine the most cost-effective light-absorber-layer for future focus.  
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Chapter 1  

1 Introduction 

Solar energy is one of the most promising renewable energy sources however the challenge 

lies in harvesting it efficiently with low-cost methods. Thin film solar cells have been 

employed as way to reduce manufacturing costs of solar devices. However, the most 

important layer in the device, the light-absorber-layer, has typically involved the use of 

rare and expensive elements. This thesis will focus on addressing these challenges by 

exploring three alternative light-absorber-layers: Cu2ZnSnS4 (CZTS), Cu2ZnSn(S,Se)4 

(CZTSSe) and CuIn (S,Se)2 (CISSe). These materials have a direct band gap energy for 

light absorption and comprise of earth-abundant elements, making them ideal candidates 

for solar cell applications. Various fabrication techniques will also be explored to assist in 

determining the most cost-effective light-absorber-layer for efficient solar cells.  

1.1 General Introduction 

With the continual growth in the world’s population, the consumption and demand of 

energy follows suit. Electricity is considered one of the most innate resources in society 

and the global demand for electricity is projected to increase 2.1% per year for the next 20 

years.1 This growth is set to be strongest in developing economies but requires a sustainable 

method of satisfying this demand. In 2019, total world consumption of energy was 162k 

terawatt hours (TWh) (or 583 exajoules).2 For reference, Canadians pay their electricity 

bills in kilowatt hours (KWh) and 1 TWh is 109 KWh. In Canada alone, energy 

consumption was 3900 TWh (or 14.2 exajoules) in 2019.2 Of which, fossil fuels and non-

renewable sources of energy account for nearly 80% of energy production.3 While 

inexpensive, these resources are finite and generate harmful carbon dioxide (CO2) and 

greenhouse gas emissions. In the last year alone, world CO2 emissions reached 34169 

million tonnes, of which Canada contributed 556 million tonnes.2  

In order to reduce environmental damage as well as obtain a long-term solution to the 

demand in energy, research must be focused towards clean or renewable energy. Alternate 

resources such as wind, hydro, nuclear and solar have become increasingly popular and 
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have grown in production over the last few years. Nuclear energy is one of the most 

common alternative energy sources used today. Despite its success, this type of energy 

production is water intensive and produces great amounts of radioactive waste. Wind 

energy is a cleaner source of energy that has the potential to meet energy demands, however 

it is location dependent. Hydroelectric energy, like wind, have high startup costs in addition 

to its damage to the environment.4 The building of dams results in flooding and damage to 

the surrounding habitats.  

Sunlight is a widely abundant, inexhaustible, free source of energy. In one hour, 173 

thousand TWh of solar energy hits the earth.5 Thus, solar energy is one of the best energy 

sources that meets the demand with global availability. 

Harvesting this energy divides solar power into two categories: thermal and electrical.6 

Thermal solar power uses focused sunlight and converts it into heat for use. Electrical solar 

power refers to the use of photovoltaic (PV) devices which covert the light energy into 

electrical energy. In 2019, solar generation in the world was 724 TWh with Canada 

contributing 4.31 TWh.2 The growth in Canadian solar generation from 2018 to 2019 was 

0.46 TWh which is one of the biggest growths in the last decade, making it an increasingly 

attractive source of energy.2  

PV devices make use of semiconductor materials that generate electricity from the 

absorption of photons. Since semiconductors can only absorb a specific range of energies, 

it is important that we look at the solar spectrum and define standards for artificial sunlight.  

When defining solar irradiance in association with the earth, the path length which light 

takes through the atmosphere is considered. This path length is denoted as the Air Mass 

(AM) and when the sun is directly above the earth, the AM equals 1. However solar cells 

do not typically operate under AM 1 conditions since major population centers in the world 

lie at an angle to the sun.7 Thus when solar energy reaches the earth’s surface at that angle, 

the AM in those regions equals 1.5 and is denoted as AM 1.5.7 Therefore, artificial sunlight 

with AM 1.5, operating at 100 mW/cm2, has been standardized to test terrestrial PV 

devices.8  The peak of solar radiation in AM 1.5, is in the visible part of the spectrum and 

so PV devices aim to absorb radiation in this range. 
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Challenges in harvesting solar energy revolve around developing cost-effective, highly 

efficient devices. Current commercialized photovoltaics typically use silicon wafer cells 

due to their high device efficiency. The highest recorded efficiency for single-junction 

crystalline silicon solar cells is 26.7%.8 However, the cost of production and installation 

are considered to be high. High silicon purity and a thickness of roughly 100 µm is needed 

for these kind of devices which can add to the cost.8, 9 Therefore, thin-film technology is 

one of the promising replacements for delivering low-cost solar electricity. Very thin layers 

of semiconductor materials, ranging from nanometers to micrometers, are needed for thin-

film devices to attain comparable efficiencies to that of silicon solar cells.10 By needing 

fewer materials, the cost of production is also reduced yet the challenge of obtaining high 

device efficiencies remain.  

1.2 Principles behind photovoltaics 

As aforementioned, PV devices employ semiconductor materials that enable the 

conversion of sunlight into electrical energy. The process of generating current in a 

material upon absorption of light is called the photovoltaic effect. Essentially, when light 

strikes the cell, a certain amount of light is absorbed into the semiconductor material. This 

energy from the light frees electrons from the material and an external electric field forces 

them to flow in a certain direction, generating current. 

The distribution of electrons and holes in a material assist in explaining the types of 

semiconductors: intrinsic, n-type or p-type. An intrinsic semiconductor has an equal 

number of electrons and holes and thus are considered pure and do not require doping to 

act as a semiconductor. A good example of this is crystalline silicon. If an intrinsic 

semiconductor is doped with either electron-rich elements or electron-poor elements, one 

can create n-type and p-type semiconductors respectively. The majority charge carrier then 

in an n-type semiconductor is electrons as it is electron-rich. In a p-type semiconductor, 

the majority charge carrier is the “holes” or lack of electrons as it is electron-poor. 

PV devices do not function on one semiconductor alone, instead they function on the 

connection of p-type and n-type semiconductors to form what is called a p-n junction.11 

When the two semiconductors come into contact, electrons from the n-type will diffuse 
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into the p-type. At the interface, this leaves the p-type to be electron-rich and the n-type to 

be electron-poor. The region in which this occurs is labeled as the Space Charge Region 

(SCR). This diffusion of charges occur until equilibrium is reached and an internal bias is 

created. 

 

Figure 1.1: A schematic of a p-n junction and the SCR after equilibrium is reached. 

Light exposure produces an e-h pair (in red). 

When photons from a light source are absorbed into the material, an electron-hole (e-h) 

pair is generated and one of two phenomena will occur. If the e-h pair is generated in the 

bulk p-type or n-type semiconductor, the charges will recombine, and no current is 

generated. However, if the e-h pair is generated within the SCR, the internal bias will cause 

the electron to move toward the n-type semiconductor and the hole to “move” toward the 

p-type semiconductor. The extraction of the e-h pair from the SCR drives current flow in 

the PV device. Thus, by applying an external bias in the reverse direction, with the anode 

connected to the p-type instead of the n-type, charge is pushed away and out of the SCR. 

Having the bias applied in the forward direction only encourages charge to stay within the 

SCR and generate no current.  



5 

 

 

Figure 1.2: Energy band diagrams of a) an intrinsic semiconductor, b) an n-type 

semiconductor and c) a p-type semiconductor, where EF is the Fermi level energy. 

 

In a solid material, the abundance of energy forms continuous bands, unlike a single atom.12 

These bands known as the valence band (VB) and the conduction band (CB) are separated 

by a gap denoted as the band gap energy (Eg). The Eg, measured in electron volts (eV), is 

the minimum energy require in order to excite an electron from the VB to the CB. By doing 

this, electrons are free to move around in the material to potentially generate current. Light 

that strikes the semiconductors come in a wide range of energies but only photons with 

energy within the Eg can be absorbed. This leads to energy loss on the PV cell. The 

Shockley-Queisser limit considers energy losses by the cell and photons with energies 

outside the Eg and states that the optimal Eg for a single p-n junction PV cell is 1.4 eV. This 

translates to a maximum efficiency of 33.7%.13, 14 
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1.3 Thin film photovoltaics 

 

Figure 1.3: Best solar cell efficiencies involving thin-film technologies as of 2020.15  

To fulfill the requirement of an ideal light-absorber-layer with the optimal band gap near 

1.4 eV, Cu(InxGa1-x)Se2 (CIGS) has attained interest due to its tunable Eg between 1.0 and 

1.7 eV and high absorption coefficient.16, 17 The efficiency for CIGS solar cells has been 

steadily growing over the past 20 years as seen in Figure 1.3. The highest recorded 

efficiency for a CIGS solar cell is 23.4%, which is competitive with traditional silicon solar 

cell efficiencies.18 With efficiencies higher than 20%, CIGS is a successfully 

commercialized thin-film material in the PV market. Nevertheless, the biggest limitation 

of CIGS is its use of rare and expensive elements such as indium, selenium and gallium. 

The cost of the solar cell is then very high to produce, and alternatives must be pursued. 

Recent advancements to fabricate more environmentally friendly and cheap absorber 

materials involve the use of copper and zinc.  

A typical structure of a thin-film PV device can be seen below in Figure 1.4. In this work, 

Mo-coated glass has been chosen as the back-contact due to its high conductivity. The next 

layer is the p-type light-absorber-layer that is responsible for light absorption. Cadmium 

sulfide (CdS) is a common buffer layer on top of the light-absorbing layer. It is an n-type 

semiconductor used to enhance photocurrent and charge flow in the device. The top two 
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layers are the window layers or as commonly known, the transparent conducting oxide 

(TCO) layers. In this work zinc oxide (ZnO) and aluminum-doped zinc oxide (AZO) were 

utilized. These layers protect the layers underneath from degradation, increase conductivity 

and form the p-n junction with the light-absorbing layer.19  

 

Figure 1.4: Schematic of a fabricated thin film solar cell. 

In this thesis, the light absorbing layer was varied to study the absorption and 

photoresponse of each material. Later, the performance of each material is compared to its 

cost to determine which has the most promise for future thin-film PV devices.  

1.3.1 CZTS & CZTSe 

Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) have attracted attention as an ideal 

derivative to replace CIGS in photovoltaics as it reduces material costs. By replacing 

gallium and indium with zinc and tin, the resulting films comprise of earth-abundant, non-

toxic elements. Both CZTS and CZTSe are quaternary chalcogenide p-type 

semiconductors. The Cu-on-Zn defect, known as the CuZn antisites, is an acceptor that bears 

the lowest formation energy compared to other defects or donors that may form. Therefore, 

differing copper content can affect the electronic properties and the CuZn antisites are the 

biggest contributor to the p-type conductivity of these two materials.20, 21, 22 Therefore, the 

of the p-type conductivity.  

They have a tunable Eg of 1.4-1.5 eV and 1.0 eV for CZTS and CZTSe respectively which 

pairs well to the range of intensity for the AM1.5 solar spectrum.23, 24 These materials also 

have high absorption coefficients of 104 – 105 cm-1.24 Record laboratory efficiencies for 
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CZTS and CZTSe are currently 11% and 11.8%, respectively.25, 26 By incorporating a 

sulfo-selenide blend to create Cu2ZnSn(S,Se)4 (CZTSSe), a maximum laboratory 

efficiency of 12.6% has been achieved.27 Various deposition techniques have been 

explored such as electrodeposition, magnetron sputtering and co-evaporation techniques.28, 

29 Ideal compositions for high efficiencies of these chalcogenides are not stoichiometric 

but are synthesized with Cu-poor, Zn-rich compositions. This however increases the 

possibility of formation for different crystal phases, defects and impurities which can result 

in current losses.  Therefore, fabrication focuses on the control of conditions to ensure 

minimal current loss. 

1.3.2 CIS & CISe 

CuInS2 (CIS) and CuInSe2 (CISe) are ternary chalcopyrite semiconductors. Their 

production aims to overcome toxicity and cost issues of CIGS solar cells in a similar way 

to CZTS and CZTSe. The p-type conductivity in these materials stems from the acceptor 

copper vacancy defect, VCu, as it has a lower formation energy than antisites in CIS and 

CISe materials.21, 30 Copper, indium, sulfur and selenium are relatively non-toxic, and with 

the exception of indium, fairly inexpensive earth-abundant elements. The removal of 

gallium decreases the cost of PV device. Both CIS and CISe have gained interest due to 

their interesting optoelectronic properties and high absorption coefficient of 104 – 105 cm-

1.31, 32  Direct band gap energies of CIS and CISe are 1.54 eV and 1.0 eV respectively.31, 32   

Current laboratory efficiencies have reached up to 23% for CIS and 17% for CISe.33, 34 

Using a combination of sulfur and selenium, a CuIn(S,Se)2 (CISSe) absorber layer has been 

created and achieved a maximum efficiency of 11.3% via an electrodeposition method.35 

Numerous deposition methods have been researched such as spin-coating, magnetron 

sputtering and electrodeposition. Highly efficient CIS or CISe devices were manufactured 

using techniques that are not easily scalable and often involve toxic conditions such as H2S 

or hydrazine solutions.36, 37 Therefore, future fabrication focuses on low-cost, non-toxic 

conditions as the high efficiency easily compensates for the material price.  
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1.4 Characterization methods 

1.4.1 Scanning electron microscopy & Energy-dispersive x-ray 
spectroscopy  

Scanning electron microscopy (SEM) involves probing materials with a focused electron 

beam. While the beam scans the surface of the material, backscattered electrons and 

secondary electrons are created.38 Secondary electrons are formed when electrons from the 

beam collide with valence electrons and detection of these electrons is used to form a 

surface image and provide morphological information. Backscattering is caused by 

reflection of the initial electrons and the detection of this provides the topographical 

contrast of the image. When the incident beam ejects an electron and creates a vacancy, x-

rays are produced. Thus, an outer shell electron falls to a lower energy level to fill the 

vacancy and the difference in binding energies is emitted as an x-ray. The x-rays emitted 

from material can be collected for energy dispersive x-ray spectroscopy (EDX). EDX is 

generally integrated into SEM and is typically used for compositional analysis of the 

material.38  

1.4.2 X-ray diffraction  

X-rays of a known wavelength are reflected from crystal planes of a material causing 

constructive and destructive interference. The x-rays are scattered but only the ones with 

constructive interference are observed. The sum of the angle of diffraction and angle of 

incidence is 2𝜃 since the angles are equal. X-ray diffraction (XRD) correlates the patterns 

produced by x-ray scattering to the crystal structure using Bragg’s law.38 

            𝜆 = 2𝑑𝑠𝑖𝑛𝜃             (1.1) 

Where 𝜆 is incident wavelength, d is spacing between planes and 𝜃 is Bragg angle. Each 

plane of a material, defined by miller indices h, k and l, is unique as it has a distinct Bragg 

angle. Therefore, a material can be identified, and its crystallinity can be characterized via 

an x-ray diffractogram.  
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1.4.3 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface spectroscopic technique based on the 

photoelectric effect. By using XPS, the elemental composition and the bonding of elements 

within a material can be determined. X-rays are focused onto a sample and when electrons 

absorb enough energy, they are ejected from sample with certain kinetic energy. The 

ejected electron energy is analyzed by detector and a plot of binding energy versus intensity 

is created. Electrons of different energies follow different paths through the detector, 

allowing differentiation of species. Atoms in compound being tested by XPS is determined 

by the following equation.39 

Ebinding = Ephoton – (Ekinetic +φ)                               (1.2) 

Ebinding is the binding energy of an electron attracted to nucleus. The Ephoton is the energy of 

incident x-rays and Ekinetic is the energy of ejected electrons. Work function (φ) is a 

correction factor for the instrument and correlates to a minimum energy required to eject 

an electron.39 Since the incident energy and work function are known and kinetic energy is 

measured, binding energy can be calculated. Electrons in orbitals farther from nucleus, less 

energy required to eject them, therefore binding is lower for higher orbitals. Chemical shifts 

can also be determined using XPS since binding energy depends on not only the electron 

shell but the environment of the electron.40  

1.4.4 Synchrotron based x-ray absorption spectroscopy  

Synchrotron radiation (SR) is useful in providing detailed structural analysis of a material 

in question as it highly brilliant and collimated light. It is produced by accelerating 

electrons to near the speed of light, and by act of centripetal force on the particles, 

electromagnetic radiation is emitted.41 This radiation is tunable and can vary from x-rays 

to infrared energies. The use of SR in the solar cell field generally pertains to the detection 

of secondary phases and disordered atoms.42 X-ray Absorption Fine Structure (XAFS) is a 

measure of the absorption coefficient of a material at various energies. This technique is 

similar to UV-VIS absorption however the absorption of x-rays in XAFS, causes the 

ejection of a core-level electron.43 Each element has its own specific absorption energy (E0) 

and thus SR techniques can determine which elements are present. Any shift or change in 
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intensity of the Eo is indicative of a change in oxidation state. The sharp rise in absorption 

coefficient occurs when the energy of the photon corresponds to the energy shell of the 

absorbing atom and is termed as the “white line” at E0.
44  

 

Figure 1.5: Schematic of a typical XAFS spectrum with the XANES and EXAFS 

region specified.45 

XAFS is broken down into X-ray Absorption Near Edge Structure (XANES) and Extended 

X-ray Absorption Fine Structure (EXAFS). XANES is defined as the region 10 eV below 

and 30 eV above the E0, which includes pre-edge features and probes the local region of 

the core level.46  Pre-edge features investigate the transitions of excited electrons and any 

alterations reflect changes in local geometry, oxidation state and bonding.44, 47 XANES is 

used to probe local chemistry of the atom whereas EXAFS investigates the surrounding or 

extended environment of the atom and is define as the region from 30 eV to 1000 eV after 

E0.
46 EXAFS involves transforming the absorption coefficient spectrum into a 

photoelectron momentum k-space spectrum. The result is an oscillating spectrum where 

elastic scattering is apparent and oscillations decay with respect to increasing wavenumber. 

K-space can be converted using a Fourier transform to provide radial distances or a r-space 

spectrum. From this spectrum, the distance between the absorbing atom and surrounding 

atoms can be obtained.43 Deconvolution of these spectra yield structural information and 

combined with qualitative information from XANES, it can provide structural explanation 

for photoresponse seen in photoelectrochemical measurements (PECMs).  
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1.4.5 UV-VIS absorption spectroscopy  

UV-VIS spectroscopy is used to determine the absorbance of a compound at various 

wavelengths with the Beer-Lambert Law being the principle behind absorbance 

spectroscopy. It states that absorbance can be measured or calculated knowing the 

concentration of the compound in solution, the molar absorptivity constant and the mean 

path length of the sample holder. An absorption spectrum can also undergo a Tauc plot 

conversion in order to determine the Eg of the material.48 

A typical Tauc plot displays the energy of light (hν) on the x-axis and the quantity (αhν)1/r 

on the y-axis where α is the absorption coefficient of the material. There are four different 

type of electronic transitions for semiconductor materials and denoted by the exponent r. 

If r = 1/2, it is a direct allowed transition. If r = 3/2 it is a direct forbidden transition. If r = 

2 it is an indirect allowed transition and finally if r = 3, it is an indirect forbidden 

transition.49 The resultant Tauc plot attains a linear region that represents the onset of 

absorption and by extrapolation to the x-axis, Eg is obtained.50, 51  

1.4.6 Photoelectrochemical measurements  

The complicated disposition of the many layers in a full PV device often makes it difficult 

to study and understand inefficiencies. A systematic approach is required to comb through 

defects and optimize layers. The light-absorbing-layer is the most important feature in any 

device. Therefore, it should be first appropriately characterized for its performance before 

continuing the manufacturing process. Photoelectrochemical measurements (PECMs) can 

ensure the film is photoactive and, in this work, makes use of an oxidant in solution phase 

within a three-electrode electrochemical cell. The absorber layer acts as the working 

electrode in this system to measure the transfer of charge across the film/solution interface. 

A saturated calomel electrode (SCE) is generally chosen as the reference electrode as it has 

a known potential to refer to. To complete the cell circuit, electrons are transferred from 

the working electrode to the counter electrode. Platinum is typically selected for its stability 

in electrolyte solutions and large surface area to compensate for the charge. In this work, 

methyl viologen (MV2+) is the solution-phase oxidant as the reduction potential is within 

the Eg of the absorber to facilitate efficient charge transfer.52, 53 Current is measured upon 
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illumination of the absorber layer under an applied bias. The reactions that occur in solution 

can be summarized by the following equations where “A” stands for the absorber layer.  

     𝑨 
𝒉𝝂
→ 𝒆− + 𝒉++ A*                (1.3) 

     𝒆− + 𝒉++ A* 
𝒌𝒅
→ 𝑨                                  (1.4) 

     𝑨∗ +𝑴𝑽𝟐+
𝒌𝑬𝑻
→ [𝑨……𝑴𝑽+]𝒊𝒏𝒕𝒆𝒓𝒎𝒆𝒅𝒊𝒂𝒕𝒆        (1.5) 

     [𝑨……𝑴𝑽+]𝒊𝒏𝒕𝒆𝒓𝒎𝒆𝒅𝒊𝒂𝒕𝒆
𝒌𝑹
→ 𝑨∗ +𝑴𝑽𝟐+        (1.6) 

     [𝑨……𝑴𝑽+]𝒊𝒏𝒕𝒆𝒓𝒎𝒆𝒅𝒊𝒂𝒕𝒆
𝒌𝑷𝑺
→ 𝑨 +𝑴𝑽+       (1.7) 

Upon illumination, a photon creates an e-h pair and an excited state of the absorber layer 

(equation 1.3). This photogenerated e-h pair can either decay (equation 1.4) or move on to 

create an intermediate species with the MV2+ (equation 1.5). This intermediate can then 

participate in one of two phenomena. The charges can recombine within the absorber film 

and no reduction of MV2+ is observed (equation 1.6) or the intermediate can undergo 

product separation to produce MV+ (equation 1.7). Equations 1.4 and 1.6 result in no 

current, therefore, are not desired reactions. Progress from equation 1.3 to 1.5 is considered 

favourable movement and measurable photocurrent can be collected from equation 1.7.  

1.4.7 Current – voltage measurements 

Current-voltage measurements are used to determine the efficiency of a PV device. 

Efficiency is defined as the ratio of energy output by the device to the energy input from 

the solar energy, where η is efficiency, Pmax is the power output from the device and Pin is 

the input power. 

   𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
                                                                             (1.8) 

Typical measurements operate under standard conditions of 100 mW/cm2 at AM1.5. The 

quality of PV devices can also be determined by the Fill Factor (FF) as the Pmax is dependent 

on it.54 
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 𝐹𝐹 =
𝐼𝑚𝑝∗𝑉𝑚𝑝

𝐼𝑠𝑐∗𝑉𝑜𝑐
                                                               (1.9) 

The current and voltage at Pmax are denoted as IMP and VMP respectively. While ISC and VOC 

are the short-circuit current and open-circuit potential respectively. These parameters affect 

the overall performance and are used to determine the efficiency of a PV device.  

1.5 Scope of thesis 

This thesis will focus on optimizing chalcogenide thin film PVs alongside debating which 

p-type material is the most efficient and remunerative deal for an absorber layer. The 

research presented is divided into three chapters, one for each p-type light-absorber-layer 

studied. Each chapter will begin with a brief introduction discussing relevant theory, 

followed by an experimental section in reference to the studies. The results will be 

presented along with conclusions about final devices produced with the absorber layer of 

focus for comparisons later. The initial hypothesis of this project focused on the effect of 

post-process etching to remove surface impurities, fabricating a more efficient film. 

Chapter 2 deals with the solvothermal synthesis of CZTS nanocrystals (NCs) via a one-pot 

method. The effect of post-process etching with glacial acetic acid on the physical 

properties and performance on the film was studied. From this, an electron band structure 

of the p-n junction between the CZTS NCs and CdS layers was determined in order to 

ascertain the efficiency of this junction. The CZTS absorber layer was also fabricated using 

electrochemical deposition for controllable uniformity of the layer and was then compared 

to the CZTS NC based film.  

The following next two chapters utilized the electrochemical deposition technique as it was 

found to be reproducible and result in increased film uniformity. In Chapter 3, CZT(S,Se) 

was produced and optimized via the use of PECMs. The photophysical and optical 

properties were studied after the incorporation of selenium. Post-process etching with 

glacial acetic acid was also tested to determine its result on the performance of both the 

CZT(S,Se) layer and the full device. In Chapter 4, a CI(S,Se) film was fabricated and the 

consequence of selenium and glacial acetic acid on the film was explored through PECMs 

and other conventional methods mentioned in Chapter 3.  
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The consequent layers needed to create a full device were not explored or optimized in this 

thesis and followed fabrication procedures from previous work. Chapter 5 consists of a 

summation and comparison of all the device findings from the earlier chapters. The range 

of device efficiency and parameters are discussed over the three materials and the pursuit 

for the most remunerative deal of the three is concluded. This last chapter also provides 

strategies to move forward in order to further improve fabrication and efficiency.  
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Chapter 2  

2 Fabrication and optimization of Cu2ZnSnS4 for low-cost 
solar devices 

Cu2ZnSnS4 (CZTS) nanocrystals (NCs) were synthesized using a one-pot solvothermal 

method with a copper-poor stoichiometry and deposited using electrophoretic deposition. 

Resultant films were etched post-process with acetic acid in order to remove surface 

impurities inhibiting current. Using photoelectrochemical measurements (PECMs), initial 

photocatalytic behaviour was assessed before and after post-process etching. Synchrotron-

based (SR) x-ray absorption fine structure (XAFS) was used to analyze structural 

abnormalities in the CZTS NCs. SR-XPS measured interfacial valence band structures of 

the p-n junction between the CZTS NC film and CdS. A full band diagram of the p-n 

junction was created before and after post-process etching to study the charge-carrier 

efficiency. CZTS was also electrodeposited onto Mo-coated glass and preliminary 

photoresponse of the film, with and without etching, was tested.  

2.1 Introduction 

Though inexpensive, fossil fuels are damaging to the environment and are quickly being 

depleted. As a result, an alternative renewable energy source is much needed and long 

overdue. Solar energy is a promising alternative as it is a readily available, renewable 

source of energy. However, the problem lies within harvesting solar energy in an efficient 

and effective manner. A great deal of research is currently focused around developing 

suitable material candidates in an attempt to build efficient solar cells and bridge this gap.  

Presently, crystalline silicon is the leading material used in photovoltaic devices due to 

their high efficiencies, however, the caveat is their high cost of manufacturing. As a result, 

the need for high performance, low-cost photovoltaic devices turns research towards 

sustainable thin film technology as it is dependent on the quality of the light-absorber-

layer.1 Thin-film solar cells manufactured from CuInxGa(1-x)Se2 (CIGS) were investigated 

and reached a maximum efficiency of 23.4%.2 More recently, the development of kesterite 

Cu2ZnSnS4 (CZTS) has provided a better candidacy for thin-film solar devices due to their 

low-cost and earth-abundancy in comparison to its CIGS counterparts.  
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Current fabrication methods of the CZTS layer entails low-cost, minimally toxic 

procedures that increase the tunability of the P-N junction. As a result, long-terms goals in 

increasing charge-carrier flow are achieved. Past studies focusing on the structural control 

of the CZTS layer, examine the formation of defects such as antisites and secondary phases. 

These studies analyzing low-cost thin film deposition methods such as spray-deposition 

have found these methods to require annealing at high temperatures.3, 4 In addition to the 

annealing processes, harsh post-process treatments using KCN or H2S can result in 

unwanted surface impurities and should therefore be avoided.1 In contrast, etching in 

glacial acetic acid provides a milder method to remove insulator layers and create for 

favourable conditions to extract charge-carriers.5, 6  

To date the highest efficiency for CZTS solar cells is 11%, lower than that of a CIGS one.7 

The low conversion efficiency is mainly attributed to recombination of charges at the 

CZTS/CdS interface. The addition of a layer changes the local environment of the CZTS 

and results in a possible increase or decrease in effectiveness of the layers in contact. As a 

result, this junction is important in facilitating electron transfer across the interface, which 

is the main focus to control device efficiency.4 Photoresponse is one of essential techniques 

used to evaluate the effectiveness of the light-absorbing layer in a device.  

In the presence of light, charge- carrier flow rapidly increases in the film and can be 

collected by methyl viologen (MV2+) in solution and measured electrochemically. Ideally, 

device fabrication would yield higher photoresponse with each subsequent layer, however 

every layer can introduce defects and impurities on the surface or into the interface of the 

films which is detrimental to the performance. The effect on the films after post-process 

etching or the addition of CdS can be measured by the catalytic conversion from MV2+ to 

MV+ using photoelectrochemical measurements (PECMs), where greater amount of 

catalytic conversion is indicative of higher photoresponse.4 This can be associated with a 

greater current density difference between the light on and light off conditions.  

Furthermore, it should be noted that structural components in the CZTS layer contribute 

greatly to the p-type character of the semiconductor.8, 9 In particular, the type of 

semiconductor reveals information of how charge-carriers flow through materials.4 When 
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the CZTS NC layer and CdS layer come into contact, the fermi level equilibrates between 

the two layers. When in contact, the conduction bands of the individual layers overlap and 

create a conduction band offset (CBO) in the overall electronic band structure. A charge 

imbalance then results between the uncompensated electrons and holes in the n-type and 

p-type lattice respectively, referred to as the Space Charge Region (SCR). The SCR creates 

an electric field to transfer electrons across the film interface.10  

The use of synchrotron radiation is beneficial for structural analysis and accuracy of 

measurements in the band structure. These high energy x-rays are tunable and of high 

brilliance that is useful for probing materials. For materials used in solar energy, 

synchrotron radiation is generally used for the detection of secondary phases in a crystalline 

film.11 However, the use of X-ray Absorption Fine Structure (XAFS) allows for the 

investigation of local and extended environments of a target atom through X-ray 

Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure 

(EXAFS) respectively.12 The XAFS spectra is a measure of the change in absorption 

coefficient relative to the absorption of an isolated atom.13 This is important for detecting 

structural changes in various stoichiometric configurations that yield an in a high 

photoresponse. Synchrotron radiation is also able to detect atomic alignment of local 

regions and thus through X-ray Photoelectron Spectroscopy (XPS), valence band energies 

can be measured.13, 14, 15  

The work in this chapter investigates the alignment of the interfacial electronic band 

structure before and after removing insulator layers via post-process etching. This provides 

for a better understanding in how the SCR is structured. The goal is to then form a strong 

p-n junction that will lead to a stronger internal bias for improved device efficiency. To 

produce a working device with comparable efficiencies to literature, the reproducibility 

and control of the CZTS light-absorber-layer become the primary concerns throughout. 

Unless otherwise stated, all procedures were conducted in an open-air environment to keep 

fabrication costs low.  
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2.2 Experimental  

2.2.1 Nanocrystal layer fabrication  

CZTS NCs were fabricated solvothermally as previously reported with minor changes16, 17; 

ratios of the precursor salts were maintained at 0.9 and 1.0 for Cu/(Zn+Sn) and Zn/Sn 

respectively to avoid zinc antisites in the kesterite structure. By preserving these 

compositions, minor disparities in the ratios are produced and a maximum photoresponse 

is upheld. Copper (II) acetylacetone (Sigma-Aldrich, 97%), zinc(II) chloride (Sigma-

Aldrich, 98%) and tin(II) chloride (Alfa Aesar, 98%) metal precursor salts were dissolved 

in benzyl alcohol at 180 °C for 2 minutes then a mixture of 0.2 M thiourea and 0.097 M 1-

methyl-4-phenylpyridinium (MPP) was added to the solution that was held at the same 

temperature for 10 minutes. Thiourea was used as the sources for sulfur in the nanocrystals 

as thiourea decomposes to release sulfur and MPP as a suitable capping ligand to prevent 

overgrowth and aggregation of nanoparticles.18  

The resultant NCs were cooled down, washed with isopropanol and transferred into 

centrifuge tubes for separation. They were centrifuged at 14.0x103 times gravity for 2 

minutes and repeated three times.  The obtained NCs were dispersed in isopropanol to a 

concentration of 2 g/L using a 1510 Branson Sonicator at 40 kHz for a minimum of 30 

minutes. Molybdenum-coated glass substrates were bought from University Wafer 

(Boston, MA) with a thickness of 0.5 µm and 500 µm, for the Molybdenum and soda-lime 

glass (SLG) respectively. These substrates were cut into pieces of 1 cm by 2 cm areas, 

etched for 10 minutes in glacial acetic acid and utilized as the back contact for devices. The 

above NC dispersion was then electrophoretically deposited on to the substrates using a 

Keithly 2400 source meter at a constant current in a range of 0.24 - 0.33 mA/cm2 for 3.0 

minutes to result in roughly a 1µm thick film of CZTS as published elsewhere.10 Please 

note that these films could be etched once again in glacial acetic acid for an additional 30 

minutes to remove copper oxides from the surface and edges of the film. 

2.2.2 Buffer layer and full device fabrication  

 A buffer layer of cadmium sulfide (CdS) was deposited onto the CZTS films via chemical 

bath deposition (CBD). The bath was prepared by stirring a mixture of 103.5 mg of 
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cadmium acetate (Sigma-Aldrich, 99.99%), 4.5 mL ammonium hydroxide (Caledon, 

>99%) and 3 mL of 1 M ammonia acetate in a volume of 142.5 mL of MilliQ water at a 

temperature of 65 °C for 30 minutes. After temperature stabilization at 30 minutes, 1.5 mL 

of 0.5 M thiourea was added and the bath was stirred for an additional 30 minutes; the 

CZTS filmed substrate were then dipped into the solution immediately and the reaction 

was left to transpire for 7.5 minutes resulting in a 50 nm layer of CdS. Resultant CZTS/CdS 

films were then placed in the Ultratech/Cambridge NanoTech Savannah S200 Atomic 

Layer Deposition (ALD) workstation reaction chamber for 10 minutes at 150 °C under 

vacuum to remove water intercalation. Photoelectrochemical measurements were then 

taken of etched and non-etched films at this point. 

For full devices, after the CBD, samples were put into the ALD instrument and heated to 

200 °C for 1 hour. The deposition of both window layers, zinc oxide (ZnO) and aluminum 

doped zinc oxide (AZO) follows the procedures as reported by Turnbull et al.10 to result in 

layer thickness of 50 and 250 nm respectively. 

2.2.3 Characterization 

 PECMs were carried out for the half-devices, before and after the CdS deposition in order 

to assess the photovoltaic quality of the films. The back contact of the device was connected 

to an electrode and the films were immersed in an electrolyte solution of 0.05 M MV2+ and 

0.1 M KCl. Using a 3-electrode system with the film on Mo-coated glass, a saturated 

calomel electrode and a platinum wire as the working, reference and counter electrode, 

respectively, the potential is scanned and PECMs were taken. A linear potential sweep 

from 0.0 to -0.40 V at a scan rate of 5 mV/s was applied to measure the current density 

generated by photocatalytic conversion of MV2+ to MV+.19, 20 A Xenon-lamp ‘light source’ 

produced illumination in 3 second intervals. The resultant photocurrent as a function of the 

applied potential was measured using a CHI 832B electrochemical analyzer. 

XAFS measurements of the Cu, Zn, and Sn K-edges were performed at the CLS@APS 20-

BM beamline at the Advanced Photon Source (APS) in the Argonne National Laboratory, 

Argonne, IL.  The beam was set in focus mode, and the wavelengths set using a Si (111) 

monochromator.  A 400 µm vertical slit was used over 8.78 to 9.52 keV for the Cu K-edge, 
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9.46 to 10.4 keV for the Zn K-edge, and 29.004 to 30.069 keV for the Sn K-edge.  Samples 

were placed 45° to the incident photons, and the 13-element Canberra detector was placed 

perpendicular to the beam.  Detector saturation was set to 50,000 cps, and replicates were 

taken to a sum of 2 million total counts per element.   

Synchrotron data processing was carried out using the Athena and Artemis software 

packages.21  Using Athena, spectra were normalized to the incident photon flux, 𝐼𝑜, and 

calibrated against a standard reference foil (EXAFS Materials Inc.).13  The standards used 

for this energy calibration included a 7.5 µm thick copper foil, 10 µm zinc foil, and 50 µm 

tin foil. Treated data were then fit using the Artemis software package, running FEFF8.2 

computational software.21 Fittings were based around a kesterite-phase CZTS unit cell 

(JCPDS card 26-0575) at room temperature, as calculated from the crystallographic 

information file generated using VESTA.22 Coordination number was fixed according to 

the theoretical value from the kesterite crystal structure.  The amplitude reduction factor 

was fixed for each metal, with each determined by measuring the metal reference foil and 

fitting the metal-metal bond distance.23 

Synchrotron XPS (SR-XPS) was carried out at the Canadian Light Source on the Variable 

Line Spacing Plane Grating Monochromater (VLS-PGM, 11ID-2) beamline.  

Measurements were taken at a flux > 1×1011 on a 500 × 500 µm spot size.  Incoming 

photons were set at 160 eV.  The beam energy was calibrated using gold foil at the Au 

Fermi level emission.  The fermi level of a clean Mo film in good electrical contact was 

used in reference when measuring the valence band energies.  

CZTS NC band gaps were determined through UV-VIS absorption via a Varian Cary 50 

spectrometer with a 2 mM NC dispersion in isopropanol. The scans were carried out at a 

rate of 60 nm/s from 1100 to 400 nm. The resulting absorption spectra was transformed to 

create a Tauc plot which associates the absorption coefficient with the wavelength energy.  

Efficiency of the final devices were measured using a 150 W Xenon Newport lamp with 

100 mW/cm2 and a 1.5D filter to mimic 1 sun shining. An electrode with indium was 

attached to the back contact as well as on to the cell area that was being tested in order to 

complete the circuit. Current vs. potential measurements were taken as the potential was 
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scanned from 1.0 to -0.2 V using an IVIUM CompactStat; this was later converted into a 

J-V curve to assess the photoresponse of the cell. 

2.2.4 Layer-by-layer fabrication  

CZTS films were fabricated using galvanostatic electrodeposition of metallic precursors 

with an EG&G PAR 363 potentiostat, followed by high-temperature sulfurization. A three-

electrode system was employed to deposit the precursors with the Mo-coated glass as the 

working and a platinum mesh as the counter electrode. The reference for the copper 

precursor was a saturated calomel electrode while the reference for both tin and zinc 

precursors was an Ag/AgCl electrode. Copper was first deposited using a constant current 

density of 2.5 mA/cm2 on the working electrode immersed in a solution containing 25 g/L 

CuSO4•5H2O (Sigma-Aldrich, 99.995%), 120 g/L NaOH (Sigma-Aldrich, 97% pellets), 

and 37.5 g/L D-sorbitol (Sigma-Aldrich, ≥98%). Tin was deposited on top of the copper 

layer with a constant current density of 6.0 mA/cm2; the electrochemical bath was 

comprised of 100 g/L Methane sulfonic acid, 130 g/L Tin methanesulfonate, 8 g/L 

Empigen BB Degerent and 3 g/L of Hydroquinone. Finally, a constant current density of 

3.0 mA/cm2 was applied to deposit the zinc on top of the copper and tin layers. The bath 

was comprised of 8 g/L ZnCl2 (Sigma-Aldrich, 99.999%), 150 g/L KCl (Sigma-Aldrich, 

≥99.0%), and 12.9 g/L poly[bis(2-chloroethyl) ether-alt-1,3-bis[3-

(dimethylamino)propyl]urea] (Sigma-Aldrich, 62% wt% in H2O).   

The stacked film samples were then placed in a Thermo Scientific Lindberg Blue M Tube 

Furnace with a quartz tube for vacuum and argon purges. For the sulfurization of the films, 

a ratio of 10 mg/cm2 was used for sulfur powder mass-to-sample surface area. The tube 

was purged three times via vacuum pump to -100 kPa then filled with argon gas to a 

pressure of 40 kPa. The furnace was held at a temperature of 275 °C for 20 minutes, 

followed by 30 minutes at 525 °C. The furnace was shut off and purged to remove any 

excess sulfur vapour from the system. The fabricated films were etched with acetic acid to 

remove copper oxides and any surface impurities.  

The performance of the electrodeposited (ED) CZTS layer was characterized using PECMs 

in the same manner as done for the CZTS NC films. 
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2.3 Results and Discussion 

2.3.1 Photoelectrochemical measurements of CZTS NCs 

Figure 2.1 demonstrates the photoelectrochemical measurements (PECMs) of the intrinsic 

CZTS NC films, before (Figure 2.1a) and after (Figure 2.1b) the addition of the CdS buffer 

layer as well as acetic acid etched CZTS NC films before (Figure 2.1c) and after (Figure 

2.1d) the CdS coating. PECMs characterize the light-absorbing quality of the film where 

the photoresponse is vital in determining the effectiveness of the CZTS NC and CZTS 

NC/CdS films.19, 24 

Under illumination, the minority charge carriers or photogenerated electrons within the NC 

film flow from the film into the MV2+ solution. This photo-injection that yields in 

absorption is described by equation 1.3 in Section 1.4.6. Figure 2.1a displays an increase 

in current density to 1.7 mA/cm2 as a result of this preferential electron transfer and 

interfacial reduction of MV2+ to MV+ at the CZTS film, described by equation 1.5. Through 

electron flow from illumination, the electron transfer leads into the product separation of 

the CZTS and MV+, depicted by equation 1.7. However, what is observed is a gradual 

increase in current density instead of an instantaneous one, suggesting a recombination of 

charges under illumination – expressed by equation 1.6.  
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Figure 2.1: PECMs of non-etched CZTS NC films a) before and b) after CdS 

coating as well as etched CZTS NC films c) before and d) after CBD of CdS. Etching 

was processed using glacial acetic acid for 30 min. 

In the absence of light in Figure 2.1a, a gradual decay is observed in the PECMs when the 

light is off. However, without light, the flow of electrons is stopped and thus, the current 

density is expected to instantaneously decrease due to recombination of charges (equation 

1.6). This discrepancy suggests that there is continued product separation of the CZTS and 

MV2+ even after illumination of the film has stopped (equation 1.7). Another thing to note 

is that at -0.30 V, there is a shift from a Schottky junction to an Ohmic junction as the dark 
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current begins to increase depicted by the upwards slope of the scan.25-26 At this point, 

shunt resistance is reduced as electrons begin to flow freely throughout the film via 

alternative pathways.  

When the CdS buffer layer was added, in Figure 2.1b, the maximum photoresponse upon 

illumination, is significantly lower than the original CZTS NC film (Figure 2.1a) at only 

1.1 mA/cm2, as shown by the gradual increase in current density. In the absence of light, 

the gradual decay at ‘light off’ is also more prominent and shows less of an instantaneous 

decrease in electron flow due to product separation. A possible reason for the overall 

dampened photoresponse is that a resistance layer on the CZTS hindered reduction of the 

methyl viologen solution.27 This is confirmed earlier in the scan by the larger shift to an 

Ohmic junction at less negative potentials.   

To combat this problem, the etching post-process step with acetic acid was added. Films 

were etched with glacial acetic acid before (Figure 2.1c) and after (Figure 2.1d) the CdS 

deposition. Etching proved to be beneficial to the photoresponse as depicted by Figure 2.1c, 

as the maximum photoresponse almost doubled to 3.0 mA/cm2 from the original 1.7 

mA/cm2 (Figure 2.1a) upon illumination. When the CdS buffer layer was added onto the 

etched film, the photoresponse in Figure 2.1d, increased even further to 3.6 mA/cm2 

indicating efficient electron transfer between the layers. Having said this, note that in 

Figure 2.1c and d, there is negative overshoot in the films meaning reduction is still 

favoured over recombination in the absence of light. In addition, there is slight 

recombination activity in both Figure 2.1c and d during illumination – as indicated by the 

gradual decrease in current density. Nevertheless, the overall photoresponse in either 

etched films (Figure 2.1 c or d) is higher than those of the non-etched films (Figure 2.1 a 

and b), until the -0.30 V potential.  

The buffer layer of CdS is an n-type semiconductor to facilitate electron transfer from the 

p-type CZTS NC layer. This buffer layer should theoretically protect the CZTS NC layer 

from the following fabrication steps to yield a greater charge flow and an increase in 

photoresponse. However, from Figure 2.1b, it is indicative that an additional layer without 

etching enhances the insulator layer on the surface which results in a reduced 
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photoresponse. It was found that the CZTS NC film is not stable in an open-air environment 

which causes the surface of the film to oxidize and produce impurities which inhibit 

photoresponse. Therefore by etching the film’s surface, the photoresponse was reported to 

increase after CdS deposition which follows the initial hypothesis of adding the buffer 

layer.28, 29-30 The implication of this is that etching the films before and after deposition is 

necessary for a smooth transfer of electrons across the CZTS/CdS interface.   

2.3.2 X-ray absorption fine structure (XAFS) 

The etching process is known to remove a resistive surface layer from the CZTS NC film. 

The degree to which etching alters the structural properties of the CZTS film was examined 

by means of both XANES and EXAFS at each metal K-edge, as shown in Figure 2.2. 

As shown in Figure 2.2, the XANES spectra give insight into the chemistry environment 

changes around the absorbing metal center.13, 31 The Cu-center XANES spectra in Figure 

2.2a displays an increased amplitude in the oscillation of the etched sample, which is 

clearly visible in the first trough after the white line peak in the Figure 2.2a inset. This is 

propagated throughout the Cu absorbance spectra in Figure 2.2a, with the etched sample 

(black) showing higher peak maximums, and lower minimums, than the non-etched sample 

(purple). This can be attributed to increased uniformity of the NCs that comprise the film, 

and would then indicate the removal of an insulator from the pseudo-surface of the film, 

possibly metal oxides.10  As previously reported, NC-based films typically display deep 

surface features as a result of the looser packing during deposition.27  It is expected that the 

etching process removes surface oxides and impurities which leads to the more pronounced 

features seen in Figure 2.2a. We will return to this point in Section 2.3.4. Despite this, there 

are no significant changes in the overall Cu oxidation state or geometry within the film.   
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Figure 2.2: Cu, Zn, and Sn K-edge XAFS – a), b), and c), respectively – comparing 

the primary oxidation state and coordination sphere of the etched and non-etched 

CZTS NCs. Insets of the white line peak are shown for clarity. The corresponding 

EXAFS fitting– for Cu (d), Zn (e), and Sn (f) displays the structural shifts in bond 

lengths of the nearest neighbor, and the relative disorder within the NCs. 

 

The features of the Zn K-edge XANES in Figure 2.2b display a change in the white line 

peak as it shifts back by 1.0 eV after etching. This suggests higher electron density on the 

Zn centers. This shift is clearly visible in the Figure 2.2b inset, despite the onset of the 

absorption being identical in both samples. This along with the fact that the Cu-center 

shows an increased strength in signal when etched, would manifest in a reduction in the p-

type nature of the etched film, and can be confirmed through XPS in Section 2.3.4.   



31 

 

As with the Cu XANES (Figure 2.2a), the etched sample shows similar features as the non-

etched yet contains more definition in the form of deeper troughs, and sharper peaks in the 

extended regions.  This implies a close association between the Cu and Zn within the crystal 

structure.  This relationship between these atoms forms the foundation of many of the 

defect structures that determine the effectiveness of the film32, and control the electronic 

structure of the bands.4  Etching is therefore an effective way of tuning the band structure 

of the device, cleaning the surface of the CZTS, all without altering the general chemical 

structure of the film.  

The Sn XANES in Figure 2.2c shows much broader oscillations than either the Cu (Figure 

2.2a) or Zn (Figure 2.2b) XANES, and no change in the absorbance signals, with both the 

etched and non-etched lines overlapping throughout.  The core-hole lifetime of the Sn K-

edge is most likely contributing to the observed broadness, preventing extremely fine 

details, such as those observed on the XANES of Cu and Zn centers.15, 31 The core-hole 

lifetimes are usually shorter in heavier elements and thus result in spectral broadening that 

blur out fine details in the XANES spectra.33 Nevertheless, the conserved Sn spectra 

confirm the lack of oxidative, or major change in the CZTS crystal structure as a result of 

the etching process. 

The above features were examined in finer detail by fitting the EXAFS region using a 

standard CZTS kesterite crystal model.13, 34 This is done by converting the extended region 

oscillations to the k-space plot of the EXAFS, and the radial distance plots through Fourier 

transforms. Where the k-space is the wave vector or momentum of the corresponding 

absorbance with respect to the background absorbance. The EXAFS fitting parameters are 

presented, in Figure 2.2d-f.12, 13 The parameters of the fitting for each of the resulting plots 

have been tabulated in Table 2.1. 
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Table 2.1:   EXAFS fitting parameters for each sample metal center.  Each bond 

length has an error of less than ± 0.02 Å and are consistent within the non-etched or 

etched sample category.  Energy shifts (E0) were held constant for all scattering 

paths and were less than 2.7 eV in all cases. The amplitude reduction factor was 

fixed at 0.70 for the Cu K-edge, 0.90 for the Zn K-edge, and 1.00 for the Sn K-edge 

EXAFS fitting, with each determined by measuring the metal reference foil and 

fitting the metal-metal bond distance. N is the degeneracy of the pathway, σ2 is the 

mean squared displacement of half the path-length and r is the interatomic distance. 

Edge Neighbor 

Non-etched Sample  Etched Sample 

N σ2 (Å2) r (Å)  N σ2 (Å2) r (Å) 

Cu 

S (short) 0.0 --- ---  0.7 0.00459 2.286 

S (long) 4.0 0.00668 2.312  3.3 0.00459 2.332 

Cu/Zn 4.0 0.00840 3.799  4.0 0.00795 3.801 

Sn 4.0 0.01302 3.905  4.0 0.01163 3.900 

Zn 

S (short) 0.1 0.00255 2.270  0.6 0.00255 2.269 

S (long) 3.9 0.00255 2.321  3.4 0.00255 2.324 

Cu/Zn 4.0 0.01013 3.817  4.0 0.00896 3.797 

Sn 4.0 0.00952 3.929  4.0 0.01330 3.885 

Sn 

S (short) 0.6 0.00844 2.259  0.6 0.00413 2.256 

S (long) 3.4 0.00844 3.309  3.4 0.00413 2.337 

Cu/Zn 4.0 0.01041 3.872  4.0 0.00951 3.830 

Sn 4.0 0.01672 4.007  4.0 0.01348 3.919 



33 

 

The Cu EXAFS (Figure 2.2d) of both etched and non-etched samples share many of the 

same features as the XANES spectra and have a similar fit.  The only major difference 

comes in the disorder observed in the first nearest neighbor peak, which corresponds to the 

Cu-S bond.  In the non-etched sample, this peak is weaker, and slightly broader than that 

of the etched sample.  The additional broadening in the peak leads to a far better fit with a 

single Cu-S bond length.  The etched sample can be broken down more effectively and 

determine both a short and long Cu-S bond as seen in Table 2.1.  This could be due to the 

two distinct Cu sites of the film. 

Very interestingly, two different metal-sulfur bond lengths yield better fits for both the Zn 

(Figure 2.3e), and Sn (Figure 2.2f) metal centers, that do not have two distinct lattice 

positions. The two-bond length feature suggests that the different bond lengths represent a 

range into which the various NCs in the film fall. The narrower this gap, the more uniform 

the film, and thus the higher the expected efficiencies.  If the disorder is high, the EXAFS 

will show a singular broadness in the peak, as has been reported in the past, obscuring this 

difference.35  The above observation also explains the Cu-S bond distance of the non-

etched sample being nearly right between the two distances reported for the etched sample. 

The Zn fits (Figure 2.2e) follow much of the same trend as Cu fits, with high similarity 

between the bond distances reported in the non-etched and etched samples.  The non-etched 

Zn-S can be broken down into the short and long distance; however, the association is very 

weak, and the associated ratio of long to short bonds is much less pronounced, at 3.9 : 0.1, 

than in the etched, which shows a similar ratio to the Cu spectra, at 3.4 : 0.6.  Despite the 

discrepancy, the delineation is still clearer than in the Cu spectra. The increased Cu signal 

in the non-etched film is indicative of a decrease in p-type character, further confirming 

that the etching process predominantly affects the Cu environments as it decreases the Cu 

signal to increase the p-type character.  

The Sn fits (Figure 2.2f) do not show much deviation between the etched and non-etched 

samples, due to the previously noted core-hole lifetime broadening of the K-edge signal.  

The fits are therefore highly similar between the non-etched and etched samples.  Despite 

this, it should be noted that the reported bond distances of the etched sample more closely 
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resemble the values suggested by the Cu and Zn fitting, and therefore offers additional 

support to the assertion that the etched samples have additional uniformity in addition to 

the removal of unwanted surface insulator states. 

2.3.3 Energy band gap analysis  

Figure 2.3 shows a Tauc Plot conversion of UV-VIS absorption where the charge transfer 

through a film can be examined and from this, the energy band gap can be extrapolated. 

These plots were made for bulk CdS, etched and non-etched CZTS NCs. Linear 

extrapolation of the plot shown in Figure 2.3 provides the energy bad gap for the material 

being measured.  

The non-etched CZTS NCs, outlined in purple, has a larger band gap energy at 1.52 eV 

which is above the excitation energies of the intense region. Once the insulator layer is 

etched from the surface of the film, the CZTS NCs, outlined in black in Figure 2.3, 

decreases to an optimal band gap of 1.45 eV resembling excitation energies of the solar 

spectrum where it is the most intense.36 The bulk CdS, outlined in blue, has an optimal 

band gap energy of 2.21 eV which is quite large, however beneficial to the interface. By 

having a larger band gap energy for the buffer layer, photons will be able to reach the NC 

light-absorbing layer and prevent backflow of charges, thereby increasing the shunt 

resistance to prevent the loss of electrons to alternate pathways within the device. 

This is the result of an ideal energy gap between the valence band of CZTS and CdS to 

facilitate the transfer of electrons without loss.14 The final device efficiency is determined 

by how effective the transfer of electrons is across the CZTS/CdS interface as well as the 

charge flow through each layer of the device. Hence, alignment of conduction bands is 

essential, especially at the interface to avoid large energy barriers and any decrease in the 

device performance. Obtaining a tunable band gap energy is thus important to control an 

ideal conduction band offset (CBO) between the interface to in turn enhance device 

performance.37 
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Figure 2.3: Tauc plots of the UV-VIS absorbance showing the optical band gap for 

the etched, non-etched CZTS NC film as well as the CdS layer. 

2.3.4 Synchrotron XPS of the CZTS/CdS interface  

A similar trend to the Tauc plots in Figure 2.3 can be seen in Figure 2.4 for the valence 

band energies where etching the films decreases the energies measured. In order to create 

a band diagram for the interface, the valence band energies must also be obtained to 

calculate the CBO as demonstrated by the Green and Hao groups in their investigations on 

co-sputtered CZTS solar cells and solution precursor processed cells on flexible 

substrates.4, 38 The valence band binding energies were measured relative to the fermi level 

of a clean molybdenum film.  

Referring back to Figure 2.1, the PECMs had an enhanced photoresponse if the films were 

etched (Figure 2.1c and d). This was also shown to have structural implications, seen in the 

XANES (Figure 2.2 a-c) and in the EXAFS (Figure 2.2 d-f). As such, the etching creates a 

beneficial structure at the film surface. To further characterize this structure, synchrotron 

XPS was used. This technique can examine the valence band structure, as well identify 

insulator layer inhibiting conductive properties. The advantage of SR-XPS over Ultraviolet 

Photoelectron Spectroscopy (UPS) is the capability of ionizing core electrons and can be 
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both bulk and surface sensitive. SR has a higher brilliance than desktop UPS and therefore, 

due to the higher density of photons, the signal-to-noise ratio is enhanced. Figure 2.4 shows 

the onset valence band energy for non-etched CZTS, etched CZTS, bulk CdS, non-etched 

as well as etched CZTS NC/CdS interface. The linear extrapolation to the binding energy 

edge for the valence band energy onset follows the method of Chambers et al.39, 40 Linear 

extrapolation is more accurately done on SR-XPS data rather than UPS due to its higher 

signal-to-noise ratio.  

The interfaces were carefully fabricated by only depositing a 2 nm thick CdS film, instead 

of the 50 nm on the CZTS NC films, to assure probing into the CZTS NC/CdS NCs. The 

etched bulk CZTS layer shown in Figure 2.4a has valence band energy onset of 0.63 eV 

whereas, the non- etched bulk CZTS layer has the lowest energy onset at 0.55 eV show in 

Figure 2.4b. Similarly, the non- etched CZTS NC/CdS interface in Figure 2.4d, has a higher 

energy onset at 0.94 eV compared to the etched interface at 0.88 eV displayed in Figure 

2.4e. The bulk CdS valence band energy (EVB) (Figure 2.4c), is the highest among the 

measured films at 1.44 eV which is 0.50 eV more than the non-etched CZTS NC/CdS 

interface and 0.56 eV more than the etched CZTS NC/CdS interface. This generates a 

shallow valence band energy for CdS which, as previously mentioned, is beneficial in 

facilitating electron transfer and alignment of the conduction and valence bands at the film 

interface.6 
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Figure 2.4: XPS plots of the valence band energy for the non-etched CZTS (a), 

etched CZTS (b), bulk CdS (c), non-etched CZTS NC/CdS interface (d) and the 

etched CZTS NC/CdS interface (e). Linear extrapolation of the leading edge marks 

the EVB. 

If there is a large gap between the valence bands, the back flow of charges is reduced and 

thus capacitance is increased – this will further increase band bending at the film’s interface 

as reported on MoS2 interfaced with other materials.26 In an ideal solar cell, a charge is 

released once a photon hits the p-n junction; however, for CZTS, any impurity or defect in 

the lattice is capable of holding a charge hence, it not being conductive. Similarly, the band 
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structures were established as shown in Figure 2.5, where the difference in conduction 

bands (EBCB) and valence bands (EBVB) were measured at the interface using synchrotron 

XPS.  

The EVB for the interface with etched bulk CZTS (Figure 2.4e) shifts to a lower energy 

with greater resolution of peaks than the one with non-etched CZTS (Figure 2.4d) thanks 

to the removal of the surface insulator layer by post-process etching. This lower energy 

shifts in the bulk CZTS (Figure 2.4b) and interface after etching is indicative of a film with 

more p-type character, and once again proves that etching the substrates and films is 

beneficial to the structure of the crystalline film. This is further exemplified in the band 

structure, where several peaks are able to be distinguished from 2 to 5 eV, unlike the non-

etched interface and non-etched bulk CZTS (Figure 2.4a).  

In Figure 2.4, the etched interface indicates that this film has the most ordered structure 

and is likely to favour the transfer of charge across the interface instead of other inhibiting 

processes. The improvement in the interface clarifies why there was an increase in 

photoresponse in Figure 2.1c and d. In addition, etching proves to be beneficial in returning 

the amount of copper and reducing the amount of oxygen present in the bulk CZTS film in 

prolonged atmospheric exposure time. This was also calculated by desktop XPS; the atomic 

percentages of the elements over time can be found in Table 2.2. 
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Table 2.2:  Time study of the effect of prolonged atmospheric exposure time on the 

CZTS film along with the effect of etching with acetic acid. The rows of exposure 

time and etching processes are in chronological order and thus, the total exposure 

time of the films is two months. Atomic percentages of elements are listed with the 

primary focus being on the Cu 2p, Zn 2p, Sn 3d and O 1s. 

 Non-etch 

% 

Etch  

% 

1 week out 

% 

3 weeks out 

% 

Etch 

% 

1 week out 

% 

3 weeks out 

% 

C 1s 64.79 52.22 76.93 72.06 53.39 77.87 74.02 

N 1s 4.26 3.53 1.44 2.00 3.26 2.50 2.04 

O 1s 9.11 10.05 14.58 21.08 10.23 11.96 18.64 

S 2p 12.81 12.87 4.03 2.45 12.31 5.12 2.30 

Cu 2p 3.81 9.84 1.18 0.90 10.23 0.79 1.18 

Zn 2p 2.24 7.94 0.83 0.71 7.06 0.74 0.93 

Sn 3d 2.98 3.54 1.00 0.80 3.53 1.02 0.89 

 

The effects of etching can be observed by the atomic percentages of copper, zinc and 

oxygen over time, which were measured by a desktop XPS instrument. The amount of 

copper in a non-etched film starts at 3.8%; when etched the amount of copper returns to 

9.8%. When the film is left in ambient conditions over time, the amount of oxygen on the 

surface starts to increase while the copper decreases– noted by the increase from 9.1% to 

10.1% in oxygen and the decrease from 9.8% to 14.6% in copper in one week. This trend 

continues as the copper reduces to 0.9% while the oxygen increases to 21.1% when left out 

for a cumulative three weeks. When the film is then etched with acetic acid, many of the 

oxides that produce the insulator layer were greatly reduced. This is seen by the drastic 

return of copper and reduction of oxygen to both 10.2%. It is important to note that this has 
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returned to same amount copper and oxygen after a month of fabrication. A similar trend 

between zinc and oxygen can be seen as the zinc returns to its non-etched amount after a 

month of fabrication. The time study continued for another month confirming the 

downwards trend in metals and increase in oxygen when left out in ambient conditions. 

This proves that up to two months after fabrication, etching proves to be beneficial in 

returning metals to their original atomic percentages within the film.     

2.3.5 Formation of the P-N junction  

In an effective p-n junction, the conduction band of the CdS must lie slightly above that of 

the CZTS within the SCR, creating a small energy barrier for the electrons to overcome. 

This is referred to as a spike-like energy barrier which ensures maximum charge-carrier 

flow, avoids electron-hole recombination at the interface and maintains a high open-circuit 

VOC. 14, 38 Additionally, the valence band of the buffer layer must not be in proximity to 

that of the CZTS to further prevent backflow of charges and recombination.41 The 

measurements for the band structure are done through the cooperative use of UV-VIS 

spectroscopy and synchrotron x-ray spectroscopies.27  
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Figure 2.5: Energy band diagram for the a) etched and b) non-etched CZTS-CdS 

interface; the relative fermi level has been marked as EF. Both configurations 

resemble a spike-like barrier at the interface. 

A band diagram of the etched versus non-etched CZTS and CdS semiconductors at the 

interface is shown in Figure 2.5, which was constructed using the energy values from 

Figures 2.3 and 2.4. It was determined that the CZTS NC layer has a band gap of 1.45 eV 

with the EVB 0.63 eV below the fermi level and the ECB 0.88 eV above the fermi level in 

the etched sample. The non-etched CZTS NC layer has a band gap of 1.52 eV with the EVB 

0.55 eV below and the ECB 0.97 eV above the fermi level. The energy bad gap for the CdS 

layer was 2.21 eV with the EVB 1.44 eV below and the ECB 0.77 eV above the fermi level 

respectively. As such, both etched and non-etched CZTS layers display p-type character, 

and the CdS displays n-type character. This results in a reduced CBO in the space charge 

region.  
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        EBCB = |Eg
CZTS – Eg

CdS+ EBVB|                   (2.1) 

A space charge region of a p-n junction was formed with the CZTS and CdS films once in 

contact. Figure 2.5 shows a spike-like barrier thanks to the reduced CBO in both the etched 

and non-etched cases which creates an ideal space charge region. There are two 

configurations for the gap between the conduction bands: spike-like barrier and cliff-like 

barrier in CZTSe and CZTS solar cells that are prepared in varied conditions.32, 42 Using 

equation 2.1, the configuration for the gap between conduction bands (EBCB or CBO) can 

be determined where EBVB is the gap between the valence bands and Eg is the band gap 

energy for the CZTS or CdS layer.4 As illustrated in Figure 2.5, there is a spike-like barrier 

of 0.20 eV and 0.19 eV in both cases of the etched and non-etched films respectively.  

The small energy barrier must be overcome by the promoted electron for it to flow from 

the CZTS conduction band into the CdS one. These barrier values are ideal since a barrier 

greater than 0.40 eV would be too large for the electron to overcome as summarized in a 

report on CZTSSe/CdS interfaces grown via vacuum-based and solution-based deposition 

methods.43 Obtaining a CBO value between 0 and 0.40 eV yields the most apt band 

alignment for the absorber layer/ buffer layer interface.44, 45 A spike-like barrier prevents 

electron-hole recombination at the interface, increases open circuit potential and short 

circuit current. A cliff-like barrier simply drops down electrons from one conduction band 

into the other. This is undesirable as it causes the electrons to undergo an energy decay in 

order for it to drop down from one CB into the other, which will also reduce the potential 

generated across the different layers. This results in a decrease in the space charge region 

and thus also a decrease in the open circuit potential.46, 47 

 In previous studies where the light-absorber-layer was electrodeposited, the non-etched 

interface displayed a CBO larger equal to or larger than 0.40 eV, a cliff-like barrier, and 

needed to be tuned by other means first.28 NC films provide benefits in this important aspect 

as it always creates a spike-like barrier within the 0-0.4 eV range. This type of barrier also 

indicates that there is an ideal CBO at the interface. Therefore, both setups maintain a 

strong electric field, and as aforementioned, produce high open circuit photopotentials and 

larger short circuit currents. The increased photopotentials and currents are due to the high 
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density of charges in the space charge region, which creates a larger internal bias, and thus 

enhances charge-carrier flow from the CZTS NC layer to the CdS layer. 

This benefits the effectiveness of charge flow, counter to what is mentioned in other 

studies.4 From Figure 2.5, the spike-barrier values (EBCB) and conduction band energies 

(ECB) are 0.20 eV and 0.82 eV respectively for the etched sample which is similar to the 

non-etched sample with an EBCB and ECB of 0.19 eV and 0.97 eV respectively. Due to the 

similarity in energies, it is not evident how etching provides benefit to the electronic 

configuration. However, referring to the PECMs in Figure 2.1, the photoresponse without 

etching is significantly lower. This is hypothesized to be a result of an air barrier created 

with the addition of CdS during deposition without the removal of oxides.48 The 

importance of nanocrystals is the fact that configuration of the interface is always a spike-

like barrier, but etching is still beneficial to the performance as the electron density is 

increased at the surface. This is consistent with metal ion loss.    

2.3.6 Full device analysis 

Solar devices were completed after the deposition of both window layers, 50 nm of ZnO 

and 250 nm of AZO via ALD. J-V curves were measured on a 0.10 cm2 area scribed by a 

razor blade to test the performance of full devices, with the champion cells shown below 

in Figure 2.6a and b. The full device with etched CZTS NC film in Figure 2.6a shows an 

open circuit potential (VOC) of 0.85 V which is significantly higher than any reported to 

date for CZTS and CdS nanocrystal film devices.7, 49 This is due to the etching of the 

insulator layer as proven by the band diagram in Figure 2.5a. In contrast, the non-etched 

device in Figure 2.6b shows a much lower open circuit potential at 0.17 V. This is likely 

due to charge traps and recombination by oxides at the CZTS/CdS interface.  

The observation was predicted by the band diagram in Figure 2.5 as well as the PECMs in 

Figure 2.1, since effective charge carrier flow at the interface was dependent on whether 

the film was etched or not. In a band offset model, when the CBO is more negative, the 

electric field at the junction relaxes and in turn can reduce the VOC. However, if the CBO 

is more positive the internal bias can expand the depletion region, thereby the VOC is 

predicted to increase.50  As etching reduced the CZTS NC energy band gap, the CBO 
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resulted in being more positive and lead to a more “spike-like” barrier at the interface. This 

validates the fact that a good alignment between the two conduction bands results in a 

higher VOC to the condition of less charge-carrier recombination. 

The short-circuit current (ISC) for the etched device shows to be 20.0 mA/cm2, with a Fill 

Factor (FF) of 0.46. This is fairly high for NC film devices and is confirmed by the 

predicted results of the PECMs whereas the short circuit current for the non-etched device 

is considerably lower at 5.10 mA/cm2 with a FF of 0.34.  Two parameters that efficiency 

is dependent on are the ISC and VOC at the maximum current and voltage respectively. At 

each of these points, the power is zero, hence, the Fill Factor (FF) is calculated to determine 

the maximum power as a product of VOC and ISC and is defined as the maximum 

“squareness” achieved in a J-V curve for a solar cell. 22, 29, 51  

The slope in the curve that leads from the VOC and ISC to the maximum power is suggestive 

of shunt and series resistance, respectively. It has usually been a problem for the VOC as 

the slope should be minimal. A low shunt resistance proposes that electrons are flowing 

through alternative pathways through the film instead of through the fabricated circuit and 

thus current bleeds from different areas of the device causing ISC to decrease.29, 52 The series 

resistance might be caused by lack of interaction with the metal back-contact of the device 

during fabrication and thus altering the conducive properties of the metal which ultimately 

lead to a decrease in FF.13
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Figure 2.6: J-V curve for a champion full device of a) an etched film and b) non-

etched film. The current and voltage at maximum power are indicated by the 

dashed lines used to calculate Fill Factor. 

In previous studies for CZTS based films, shunt resistance – the slope of the line leading 

from the ISC point – was very high, and thus did not detract from the power output of the 

device. In the NC-based devices herein, there is a decreased shunt resistance relative to the 

ideal, which causes a considerable loss of power. In the non-etched devices, the slope 

leading from ISC to VOC almost resembles a straight line, which suggests that most of the 

problem results from reduced shunt resistance, and not high series resistance. This indicates 

that there are alternate pathways for electrons to take within the non-etched films, counter 

to the desired one, leading to a decreased efficiency. When the CZTS NC film is etched, 

this improves noticeably, but there is still much of a curve from the ISC to the Pmax point, 
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where the dashed green lines meet the red J-V curve in Figure 2.6. This is a result of the 

lack of uniformity in the NC film and thus current would not be continuous between each 

cluster of crystals. 

Solar cell efficiency is dependent on the ISC, VOC and FF in a non-resistive film. The above 

values led to a substantially increased efficiency of the working device based on etched 

CZTS NCs at 6.5% which is high for CZTS NC film devices, whereas, the efficiency for 

non-etched device is about half that at 2.9%. In can then be concluded that non-etched 

CZTS NCs are prone to defects at the interface which lead to a decrease in photoresponse 

and shunt resistance, ultimately lowering the device performance and efficiency.   

Table 2.3: Range of characteristic parameters of J-V curves, measured over ten full 

devices for non-etched CZTS NCs and etched CZTS NCs. 
 

Efficiency 

(%) 

VOC (V) FF JSC 

(mA/cm2) 

Non-etched CZTS 

NCs 

0.42 – 2.9 0.17 – 0.84 0.26 – 0.35 0.96 – 5.6 

Etched CZTS NCs 1.6 – 6.5 0.48 – 0.85 0.34 – 0.46 6.1 – 20.0 

 

 

Figure 2.7: Efficiency histograms for: a) NE CZTS NCs and b) E CZTS NCs. 
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Characteristic parameters for J-V curves of ten full devices for both non-etched and etched 

devices were measured, and the statistics of each parameter were summarized in Table 2.3 

and shown in Figure 2.7. The performances of the champion devices are lower than 

laboratory efficiencies for CZTS. Disparity in device efficiency may lay in the deposition 

method of the CZTS light-absorber-layer. Many studies with highly efficient devices in 

literature, involve magnetron or co sputtering precursors.4, 5, 7, 52 In literature, many studies 

also do not involve surface treatments other than DIW preferential etching or KCN for 

removal of surface impurities.5, 53 However, the champion etched device in Table 2.3 is 

more efficient than devices in literature comprised of CZTS nanocrystals.54, 55-56 The 

synthesis of the nanocrystals and deposition of the nanoparticle ink still vary from this 

study which speaks well to the electrophoretic deposition technique applied in this chapter.  

Despite the etched champion device surpassing the nanocrystal efficiencies in literature, 

the range of efficiencies over ten devices is broad. A wide range for both etched and non-

etched devices expresses a concern in reproducibility of devices from light-absorber-layers 

comprised of nanocrystal ink. Additionally, the same concern with the range of VOC over 

ten devices is apparent. As reproducibility is lowered, so is the scalability of these devices 

which is important for future devices. Many studies that incorporate nanocrystals into the 

absorbing film also include high temperature selenization to anneal the film as selenium is 

shown to be more efficient than pure sulfide films.17, 36 A pure sulfide nanocrystal film 

without any annealing step has shown to struggle in high device efficiency due to low grain 

growth and so an alternative technique may be needed to advance a CZTS solar cell.49, 57 

Another technique that has been successful in producing a highly efficient CZTS based 

device is electrodeposition as studied by Ahmed et al.34 

2.3.7 Characterization of ED CZTS layers 

Until now, nanocrystals for the absorbing film have proven to be thermodynamically 

favourable and beneficial to the energy band diagram. However, issues arise with 

scalability for future devices as it is not as easily reproducible as other deposition 

techniques. Electrodeposition is still an inexpensive deposition technique, as well as an 

easily reproducible and scalable technique for future devices. Thus, it is a technique worth 

exploring and improving upon compared to the nanocrystal-based layer. In previous work, 
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the CBO between the interface was found to be naturally cliff-like but etching the devices 

proved to tune it to a spike-like barrier. 10 Annealing with heat after the addition of CdS or 

the post-process etching was done to remove any water intercalation that may have 

occurred. Modifications to this procedure involve varying times and temperatures for the 

sulfurization and CdS procedures. 

 

Figure 2.8: PECMs of non-etched ED CZTS films a) before and b) after CdS coating 

as well as etched ED CZTS films c) before and d) after CBD of CdS. Etching was 

processed using glacial acetic acid for 30 min. 
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Figure 2.8 demonstrates preliminary PECMs of intrinsic ED CZTS film before (Figure 

2.8a) and after (Figure 2.8b) the addition of the CdS buffer layer as well as acetic acid 

etched ED CZTS films before (Figure 2.8c) and after (Figure 2.8d) the CdS coating. Similar 

to the CZTS NCs, there is an increase in current density upon illumination to 0.07 mA/cm2 

in Figure 2.8a. This is much lower than the champion film for the CZTS NC but has not 

been optimized as of yet. The gradual decrease in current density before the ‘light off’ 

scenario suggest that while there is primarily product separation of the charges, 

recombination under illumination still occurs. In the absence of light, recombination of 

charges should occur, and the current density is observed to drop instantaneously, meaning 

there is no continued product separation. Once again similar to the NCs, there is a shift 

from a Schottky junction to an Ohmic one over the course of the scan as there is a gradual 

increase in the dark current.  

Once the buffer CdS layer is added (Figure 2.8b), the maximum photoresponse decreases 

significantly to an average of 0.04 mA/cm2. Recombination of charges is also less 

prominent in the ‘light on’ situation as the current is held steady. The dark current continues 

to increase as the scan progresses and the amplitude of the photogenerated current is 

reduced once the buffer layer is added, which follows the same trend as the nanocrystals. 

Acetic acid was then used to etch the surface of the cells to enhance charge-carrier flow. 

This proved to be beneficial as the current density increased to a maximum of 0.25 mA/cm2 

(Figure 2.8c) from the original 0.07 mA/cm2 upon illumination.  

When the buffer layer was added upon the etched film, the photoresponse amplified to a 

maximum of 0.45 mA/cm2 (Figure 2.8d). For both Trace c and d, there is still 

recombination of charges in the light and continued product separation in the absence of it 

but due to the enhanced amplitude of photoresponse we can conclude that post-process 

etching is beneficial to electron transfer between the layers. This is now true for both CZTS 

NCs and ED CZTS for the light-absorber-layer. The maximum photoresponse for all four 

samples of the ED CZTS is significantly lower than the champion CZTS NCs, therefore, a 

great deal of optimization is required to refine the fabrication process and enhance the 

performance of the cell.  
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2.4 Conclusions 

The CZTS NC/CdS p-n junction was explored through the use of photoelectrochemistry 

and x-ray absorption spectroscopy. CZTS NCs were synthesized via a solvothermal 

method and electrophoretically deposited on to Mo-coated substrates. It was discovered 

that films etched with glacial acetic acid enhanced charge-carrier flow and photoresponse 

due to the removal of insulating oxides on the surface. XANES displayed a reduction in p-

type character of the NCs after post-process etching and through EXAFS, it was 

determined that CuxS impurities were less present in etched films. The addition of the CdS 

layer on an etched CZTS layer yielded an increase in photoresponse as a result of reduced 

EVB which prevented the backflow of charges.  

Post-process etching of the CZTS NC film also displayed a shift in band gap energy 

towards the most intense region of the solar spectrum. The p-n junction in both the etched 

and non-etched scenario attained a spike-like barrier and similar EBCB values. The 

importance of a spike-like barrier is the insurance of a strong internal bias that favours the 

movement of charge carriers across the films. The etched CZTS NC device had a high VOC 

of 0.85 V and an ISC of 20.0 mA/cm2, whereas the VOC and ISC in non-etched devices were 

reduced significantly to 0.17 V and 5.10 mA/cm2 respectively. In agreement with the 

PECMs, these resulted in device efficiencies of 6.5% and 2.9% respectively.  

Due to the wide range in device efficiencies, another deposition technique was sought out. 

Electrochemical deposition of stacked metallic layers followed by high-temperature 

sulfurization was explored as another low-cost method to produce CZTS films. PECMs of 

ED CZTS showed similar trends to that of CZTS NCs as photoresponse was enhanced 

when the film was etched and CdS was added. The absolute value of photoresponse for ED 

CZTS is lower than that for CZTS NCs, however, this low-cost method would allow for 

controllable formation of the layer that may increase homogeneity of the film. Further 

enhancements of this technique should focus on reducing series resistance, thereby 

increasing film performance and device efficiency. 
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Chapter 3  

3 Effect of selenium incorporation on the 
photoelectrochemical behavior of Cu2ZnSn(S,Se)4 films 
and their solar devices  

Cu2ZnSn(S,Se)4 (CZTSSe) was fabricated via sequential electrodeposition of metallic 

layers followed by selenization. Electrodeposition was found to be a reproducible 

fabrication technique that allowed for easy control of the composition and morphology of 

the light-absorbing film. Selenization parameters, such as the temperature and amount of 

elemental selenium, were varied. Resulting films were etched post-process with acetic acid 

as well in hopes to remove surface defects. The photocatalytic behaviour of the film 

variations was tested using photoelectrochemical measurements (PECMs) in order to 

optimize the light-absorber-layer. XRD and EDX were used to study the structural and 

compositional differences in films as well as correlate the deviations to the PECM 

performance. Full devices were manufactured using the most efficient light-absorber-layer. 

The effect of post-process etching on device efficiencies was discussed and compared to 

that of the CZTS NCs in Chapter 2.  

3.1 Introduction 

There exists a global drive to advance research on renewable energy as fossil fuels continue 

to dominate energy production. Fossil fuels and other non-renewable energy sources cause 

numerous environmental issues. Among the potential renewable resources, solar energy is 

deemed one of the most promising and strongest candidates due to its abundance and 

availability. Thin film solar cells have been employed in latest research as means to 

effectively and efficiently harvest solar energy. In order to research commercial 

manufacturing, solar cells must be cost effective and have a photoconversion efficiency of 

over 18% for small-area devices.1, 2 

This led to the development and increasing popularity of CuInxGa(1-x)Se2 (CIGS) solar cells 

on account of its high efficiency. However, gallium being a rare and expensive element, 

efforts are devoted to generating an alternate, more cost-efficient light-absorbing material. 

Cu2ZnSnSe4 (CZTSe) has gained attention as a promising material to replace CIGS as it is 
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comprised of earth abundant, cheap and non-toxic elements.3, 4 CZTSe and its related alloy 

Cu2ZnSn(S,Se)4 (CZTSSe) are favourable p-type semiconductors with high absorption 

coefficients and an adjustable band gap energy from 1.0 to 1.5 eV. Highest recorded 

efficiency for CZTSe and CZTSSe is 11.8% and 12.6% respectively.5, 6 Due to the lower-

than-desired device efficiency, this material is not yet available for commercial use. Many 

factors contribute to poor device efficiency, the most poignant being open circuit potential 

(VOC) deficit.1, 7, 8 

The underperformance and deficit can factor from defect phases in the film and the 

deposition technique.9 An innate trait of high-efficiency CZTSe solar cells is its non-

stochiometric, generally Cu-poor and Zn-rich, composition.10 Yet this alludes to the issue 

of the narrow stable region of pure phase CZTSe and easy formation of defects.9, 11 Many 

secondary phases such as CuSe, Cu2Se and ZnSe are anticipated to form due to the 

intolerance in composition variance.10, 12 Better understanding of the secondary phases and 

methods to remove them need to be developed in order to decrease the VOC deficit. Surface 

impurity removal methods have been explored and are generally achieved by post-process 

KCN etching.12 This chemical etchant however is highly toxic and does not align with 

environmentally friendly goals.  

Typical deposition methods of CZTSe and CZTSSe include sol-gel, spray pyrolysis and 

vacuum-based techniques. The maximum efficiency of 12.6% for CZTSe was achieved by 

films fabricated with hydrazine-based solutions.6, 13 It is not currently in extensive use due 

to the toxic nature of hydrazine and other solution-based techniques.14 Electrochemical 

deposition is an advantageous method to prepare films due to low-cost, high deposition per 

area and easy control of film composition.2 The quality of the light-absorber-layer is a key 

aspect to high efficiency as a high concentration of lattice defects or impurities lead to 

reduced performance. In order to obtain a phase-controlled film, increased grain size is 

desired.15 This promotes investigations into annealing temperature as it has an important 

role in the formation of large grain size in single phase CZTSe. The effects of annealing in 

a selenium-rich atmosphere, or selenization, have not been methodically studied and could 

result in increasing grain size and in turn reduce recombination in the film.  
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Herein, the CZTSSe films were fabricated by serial electrochemical deposition of metallic 

layers followed by an annealing and selenization process. The work in this chapter focuses 

on selenization parameters and post-process etching and their effects on the morphological, 

compositional and optical properties of the light-absorber-layer. Optimization of 

selenization parameters will occur by photoelectrochemical measurements (PECMs) of the 

catalytic conversion of MV2+ to MV+ in solution. PECMs are an invaluable technique to 

measure performance of the light-absorbing-layer before full device manufacturing, 

thereby saving costs. Results were obtained for CZTSe with residual sulfur from the 

furnace tube during the annealing process, producing CZTSSe.  

Compositional analysis was conducted to validate the formation of CZTSSe and study the 

effect of S/(S+Se) ratio on performance. It has been shown that kesterite solar cells with 

high efficiencies were achieved with lower S/(S+Se) ratios.5, 7 Glacial acetic acid was 

selected as the chemical etchant to remove surface impurities. The effectiveness of post-

process etching was explored and compared to the success of its use on CZTS nanocrystals. 

Full devices, with CZTSSe as the light-absorbing-layer, were manufactured and analyzed 

to determine best photoconversion efficiency for non-etched and etched devices. Unless 

specified, procedures were conducted in an open-air environment to keep fabrication low-

cost. 

3.2 Experimental 

3.2.1 Fabrication from absorber layer to full device  

CZTSe films were fabricated using galvanostatic electrodeposition of metallic precursors 

with a Solartron 1287 Potentiostat, followed by high temperature selenization. Soda-lime 

glass (SLG) with a thickness of 500 µm, with 0.5 µm of Molybdenum sputtered on top, 

was purchased from University Wafer (Boston, MA). A three-electrode system was 

employed to deposit the precursors with the Mo-coated glass as the working electrode and 

a platinum mesh as the counter electrode. The reference for the copper precursor was a 

SCE while the reference for both tin and zinc precursors was an Ag/AgCl electrode. Copper 

was first deposited using a constant current density of 2.5 mA/cm2 on the working electrode 

immersed in a solution containing 25 g/L CuSO4•5H2O (Sigma-Aldrich, 99.995%), 120 
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g/L NaOH (Sigma-Aldrich, 97% pellets), and 37.5 g/L D-sorbitol (Sigma-Aldrich, ≥98%). 

A tin sulfate plating bath was purchased from Technic Incorporation (Cranston, RI) and 

deposited on top of the copper layer using a constant current density of 6.0 mA/cm2. 

Finally, a constant current density of 3.0 mA/cm2 was applied to deposit the zinc on top of 

the copper and tin layers. The zinc bath was comprised of 8 g/L ZnCl2 (Sigma-Aldrich, 

99.999%), 150 g/L KCl (Sigma-Aldrich, ≥99.0%), and 12.9 g/L poly[bis(2-

chloroethyl)ether-alt-1,3-bis[3-(dimethylamino)propyl]urea] (Sigma-Aldrich, 62% wt% in 

H2O).   

The stacked film samples were then placed in a Thermo Scientific Lindberg Blue M Tube 

Furnace with a quartz tube for vacuum and argon purges. For the selenization of the films, 

the temperature and ratio of selenium to surface area were varied to determine the best 

combination of parameters. The annealing temperature was held at 275 °C for 20 minutes 

while selenization temperatures varied from 400 °C to 500 °C in 50 °C increments with a 

final temperature of 525 °C. The tube was purged three times via vacuum pump to -100 

kPa then filled with argon gas to a pressure of 40 kPa. The furnace was shut off and purged 

to remove any excess selenium vapour from the system. The starting mass-to-area ratio of 

10 mg/cm2 was used for selenium powder to first optimize the selenizing temperature. This 

procedure was then repeated for starting ratios of 3 and 5 mg/cm2 in addition to the 10 

mg/cm2 of selenium powder to determine which amount enhanced the photoresponse the 

most. Additionally, the fabricated films were etched with acetic acid for 30 minutes and 

tested in tandem to varying the selenium amount. This was done to determine if etching 

reaped similar benefits to the photoresponse as in Section 2.3.1.  

A buffer layer of cadmium sulfide (CdS) was deposited onto the CZTSe films via chemical 

bath deposition (CBD). The bath was prepared by stirring a mixture of 103.5 mg of 

cadmium acetate (Sigma-Aldrich, 99.99%), 4.5 mL ammonium hydroxide (Caledon, 

>99%) and 3 mL of 1 M ammonia acetate in a volume of 142.5 mL of MilliQ water at a 

temperature of 65 °C for 30 minutes. 1.5 mL of 0.5 M thiourea was added and heated for 

an additional 30 minutes, followed by the submersion of samples for 7.5 minutes yielding 

a 50 nm layer of CdS.  
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Resultant CZTSe/CdS films were then placed in the Ultratech/Cambridge NanoTech 

Savannah S200 Atomic Layer Deposition (ALD) workstation reaction chamber for 10 

minutes at 200 °C under vacuum to remove water intercalation. The deposition of both 50 

nm ZnO and 250 nm AZO follows the procedure detailed elsewhere.16 

3.2.2 Characterization 

Photoelectrochemical measurements (PECMs) were obtained with a CH Instruments 

electrochemical analyzer model CHI 832B. This method was carried out before and after 

the deposition of CdS as it is used to determine the photovoltaic quality of the light-

absorbing-layer. The measurements were done via a 3-electrode system in an aqueous 

solution of 0.05 M MV2+ and 0.1 M KCl with the working, reference and counter electrodes 

being the film, a SCE and platinum coil respectively. The light source was a 150 W 

Newport lamp with an AM 1.5 D filter. A ThorLabs SC10 shutter was used to produce the 

square-wave light stimulus system in 3 second intervals. A linear potential sweep was 

applied from 0.0 to – 0.4V at a scan rate of 5 mV/s using the CHI 832B electrochemical 

analyzer.  

Fabricated films were removed from the Mo-coated substrate through physical abrasion 

and were then dispersed in isopropanol to 0.5 g/L for band gap measurements. Absorption 

measurements were obtained using a Cary 50 UV-VIS instrument. The energy band gap 

was determined through a Tauc plot conversion of the resultant absorption spectra.  

The electrochemical characteristics of the film were then correlated to its elemental 

composition and crystal structures using Scanning Electron Microscopy (SEM) and 

Powder X-ray Diffraction (P-XRD) respectively. SEM was performed on etched (E) and 

non-etched (NE) CZTSe films using a Hitachi TM3030 Plus Tabletop microscope with an 

EDX system at 15.0 kV. P-XRD patterns were collected using an Inel CPS Powder 

Diffractometer with an Inel XRG 3000 Cu X-ray generator an Inel CPS 120 detector. 

Resulting patterns were compared to standard diffractograms using the ICDD Database 

and PDF4+ software (ICDD, PA). Crystal structures were simulated with VESTA ver. 

3.5.5.17 
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Final device power conversion efficiencies were measured via J-V curves. These were 

produced by the IVIUM CompactStat coupled with a 150 W Newport lamp with an AM 

1.5 D filter. A power meter measured the illumination power to be 0.69 “suns”.  

3.3 Results and Discussion  

3.3.1 Development of selenization criterion 

The optimal temperature along with the mass-to-area ratio of selenium for selenization 

were determined via PECMs. The behaviour of the film under chopped illumination 

provided information of the MV2+/MV+ reaction kinetics with respect to the photoresponse 

of each film. The PECMs for CZTSe films made with selenization temperatures of 400 °C, 

450 °C, 500 °C and 525 °C are shown below in Figure 3.1. Each of these films were 

produced with a starting mass to area ratio of 10 mg/cm2 of selenium and the range of 

photocurrent obtained for the variety of temperatures are summarized in Table 3.1. Films 

were also produced at temperatures lower than 400 °C but no PECMs were obtained as the 

temperature was not hot enough to deposit the selenium onto the substrate, and instead 

remained beaded on the graphite boat in the furnace.  
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Figure 3.1: Photoelectrochemical measurements of CZTSe films fabricated with 10 

mg/cm2 of selenium at selenization temperatures of a) 400 °C, b) 450 °C, c) 500 °C 

and d) 525 °C. 

In each case, the current density increases rapidly when the light is initially turned on and 

dropped to a near zero value when the light is turned off. The difference in current densities 

between light-on and light-off scenarios is referred to as the maximum current density or 

photocurrent achieved. This change in current density upon illumination establishes the 

electron transfer to reduce MV2+ to MV+ in solution as stated in equation 1.7. These 
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measurements can also give insight into the relative rates of the reactions occurring in 

solution upon illumination, described by equations 1.3 - 1.7 in Section 1.4.6.16  

When the bias is close to zero, a square wave is observed in almost every trace at the 

beginning of the scan, however at more negative biases, there is an exponential decay 

before a plateau in either the light-off or light-on scenarios. This indicates that the rate of 

recombination dominates over the product separation at light-on scenarios and vice versa 

for light-off scenarios. In each case, there is also a gradual increase of dark current with 

more negative bias, indicated by the increase in scan slope at more negative potentials. 

This illustrates a shift from the p-type rectifying Schottky junction to a non-rectifying 

Ohmic junction and will ultimately result in lower open circuit potentials for full devices.18, 

19 

Table 3.1: Range of photocurrent achieved in a PECM as a function of selenization 

temperature. 
 

Selenization 

temperature 

Photocurrent range 

a): Sample 1 400 °C for 30 min. 0 - 0.20 mA/cm2 

b): Sample 2 450 °C for 30 min. 0.25 - 0.53 mA/cm2 

c): Sample 3 500 °C for 30 min. 0.20 - 0.65 mA/cm2 

d): Sample 4 525 °C for 30 min. 0.20 - 0.40 mA/cm2 

 

Figure 3.1a displays the PECM for the CZTSe film selenized at 400 °C which resulted in 

having the poorest and most unstable photoresponse out of the four samples. As current 

densities start below zero, the film shows no stability in the Schottky barrier due to the 

continual increase in dark current. In addition, this sample showcases very little increase 

upon illumination as the maximum photocurrent achieved by the PECM was only 0.20 

mA/cm2. The film did however prove to have the lowest amount of recombination as the 
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rate of product separation dominated at almost all potentials and the scan was almost 

continually a square-wave. For the instance of a film selenized at 450 °C, an increase in 

photocurrent achieved was observed in Figure 3.1b and reached a final maximum current 

density of 0.53 mA/cm2.  

CZTSe is a p-type semiconductor and so a negative bias must be applied to allow electron 

transfer from the film to the MV2+ in solution upon photoexcitation.20, 21 Now as the bias 

become more negative, more electrons will transfer with ease to restore the charge balance 

in solution displaying an increase in photocurrent at these negative biases. This occurrence 

continues until the film itself is saturated with electrons so that a more negative bias does 

not result in an increase in photocurrent.22 In the case of Figure 3.1b, the semiconductor 

film has not been saturated with electrons yet as it is seen to continually increase in 

photocurrent until the end of the scan. Moving towards negative potentials of the scan, 

there is also a rapid increase of recombination at the light-on scenarios and enhanced 

product separation at the light-off scenarios due to excess charges on the surface of the 

film, described by equation 1.6 and 1.7 in Section 1.4.6. 

Figure 3.1c presents the PECM for the CZTSe film selenized at 500 °C and demonstrates 

similarities to Figure 3.1b in photoresponse and shape of the curve but achieves a higher 

maximum photocurrent of 0.65 mA/cm2. This PECM for Sample 3 shifts faster to an Ohmic 

junction as the dark current is observed to rapidly increase from -0.20 V onwards. 

Nevertheless, there is reduced recombination in the light-on scenarios with increasingly 

negative biases and little to no continuous product separation at light-off scenarios; thus, 

indicative of a higher quality film. Another major difference between Sample 2 and 3 is 

that the former becomes saturated with electrons earlier on at -0.30 V as the photoresponse 

slightly decreases towards the end of the scan. This showcases that progressively negative 

biases do not continue to increase the photocurrent.   

Sample 4 is the CZTSe film selenized at 525 °C which does not follow the trend of a 50 

°C increase in temperature. This was done as a temperature of 525 °C proved to be 

beneficial with electrodeposited CZTS films.23 Temperatures above this showed a 

reduction in photoresponse and increase in elemental tin loss.24 Figure 3.1d displays the 
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PECM for Sample 4 and showcases the lowest amount of dark current of the four samples 

as there is no sharp increase in scan slope. Therefore, suggesting that the formed Schottky 

junction, is maintained longer before shifting towards an Ohmic junction. Nonetheless, 

Sample 4 recorded a lower photocurrent achieved than both Sample 2 and 3. It displays a 

similar amount of recombination as in Figure 3.1b, signifying that the rate of recombination 

dominates over the rate of product separation at progressively negative potentials. Based 

on the results from Figure 3.1 and Table 3.1, further fabrication will utilize a selenization 

temperature of 500 °C for 30 minutes.  
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Figure 3.2: PECMs showcasing films with various selenium concentrations, all 

selenized at 500 °C. a) NE scenario with 3, 5, & 10 mg/cm2 selenium and b) E 

scenario with 3, 5 & 10 mg/cm2 of selenium. 

Additionally, the selenium concentration in the CZTSe layer was optimized by testing three 

different amounts of selenium mass to area ratios: 3, 5 and 10 mg/cm2. These values were 

chosen based on previous treatments for CZTS where 10 mg/cm2 of sulfur produced the 

highest photoresponse.16 An increase in selenium could produce enhanced secondary 

phases or defects as it is already in excess at a ratio of 10 mg/cm2. Hence from the 10 

mg/cm2 ratio, shown in Figure 3.2, the selenium was reduced to 5 mg/cm2 and once more 
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to 3 mg/cm2 to determine the effect on the photoelectrochemical behaviour.  Furthermore, 

the etching process described in Section 2.2.1, was investigated at this stage of fabrication 

to determine its success of enhancing photoresponse as it proved beneficial for the CZTS 

NCs.  

Figure 3.2 features PECMs of all three selenium concentrations with Figure 3.2a exhibiting 

a NE scenario and Figure 3.2b exhibiting an E scenario. The range of photocurrent 

achieved for the three concentrations in both NE and E situations are summarized in Table 

3.2. The traces for both scenarios bring understanding to the rates of reaction in solution; 

these are similar to that of the PECMs at different temperatures in Figure 3.1 and have been 

discussed extensively in Section 2.3.1. In both Figure 3.2a and b, the traces for 5 and 10 

mg/cm2 of selenium increase in photocurrent. With increasingly negative bias, the films 

have not yet been saturated with electrons unlike the trace for 3 mg/cm2 which decreases 

in photocurrent from -0.20 V onwards. Moreover, only the trace for 3 mg/cm2 of selenium 

in both NE and E situations shift towards an Ohmic junction at progressively negative 

potentials. This may be on account of poor selenium incorporation to create binary selenide 

phases that react to form CZTSe.4, 14 Thus, resulting in inadequate conductivity and a poor 

performing film as only a maximum current density of 0.35 mA/cm2 and 0.15 mA/cm2 was 

reached in the NE and E scenarios respectively.  

 

Table 3.2: Summary of maximum photocurrent achieved for each selenium 

concentration for both NE and E films. 
 

 Non-Etched Etched 

3 mg/cm2 0.35 mA/cm2 0.15 mA/cm2 

5 mg/cm2 2.80 mA/cm2 1.50 mA/cm2 

10 mg/cm2 0.75 mA/cm2 0.55 mA/cm2 
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For the NE film with 5 mg/cm2 of selenium, the rate of recombination dominates over the 

rate of product separation at the light-on event while the opposite is true for the light-off 

event from -0.20 V onwards. For the E film with 5 mg/cm2 of selenium, the rate of product 

separation dominates over recombination later from only -0.30 V onwards. The films that 

used 5 mg/cm2 of selenium consistently demonstrated higher photocurrent than the other 

two concentrations as it reached maximums of 2.80 mA/cm2 and 1.50 mA/cm2 in the NE 

and E conditions respectively. Nevertheless, the photocurrent is more pronounced in the 

NE case and decreases significantly after etching with acetic acid. This is in contrast to 

what has been proved for sulfide-based films such as the CZTS NCs in Chapter 2. The 

reduction in photoresponse after etching could be by cause of selenium residing on the 

surface rather than adhering to the back contact, therefore negatively affecting the 

photoresponse once etched off. 

A similar trend in the shape of the transients at light-on and light-off events is seen at a 

lesser extent for the E and NE films made with 10 mg/cm2 of selenium. When 10 mg/cm2 

is used, the maximum photocurrent is reduced to 0.75 mA/cm2 and 0.55 mA/cm2 in the NE 

and E cases respectively. This decrease in photoresponse may be from an excess of 

selenium which can cause incomplete reaction of the selenide phases that form CZTSe or 

cause poor adhesion to the back contact, both of which lessen the current throughout the 

film.25 From the results of Figure 3.2 and Table 3.2, full device fabrication will utilize NE 

films made with 5 mg/cm2 of selenium at a temperature of 500 °C.  

3.3.2 Structural analysis via x-ray diffraction  

Forming a pure phase of CZTSe with the optimal composition can be difficult as the 

material has a very narrow range for stability under thermodynamic growth conditions.26, 

15 In addition, secondary phases and defects are prone to easy formation during high 

temperature fabrication. Figure 3.3 shows the XRD patterns of CZTSe films selenized at 

various temperatures. These diffractograms were analyzed to study how crystal size and 

defect growth varied in order to decide the best temperature to further fabricate with. These 

films were fabricated with 10 mg/cm2 of selenium and therefore, the diffractograms will 

reveal the amount of selenium incorporation at each temperature along with the phases it 

is being incorporated into. Each sample exhibited presence of Mo (JCPDS# 00-004-0809) 
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and diffraction peaks of a chalcopyrite structure with favored orientation to the (112) 

direction. However, they also all exhibited secondary phases due to possible contamination 

during the selenization process. The furnace at this fabrication step had introduced sulfur 

into the system thus causing additional secondary phases or shifts in peaks. Since there is 

a lack of dual peaks corresponding to both selenium and sulfur, it is proposed that sulfur is 

substituted into sites where selenium is expected.27, 28 Secondary phases such as Cu2Se 

(JCPDS# 00-004-0839), MoSe2 (JCPDS# 00-029-0914) and MoS2 (JCPDS # 00-037-

1492) can be seen in Samples 1-4 with varying intensities dependent on temperature.  

As the temperature increases, the (111) reflection for Cu2Se located at 26.4° becomes 

prominent and increases in intensity from Sample 3 onwards. This is also true for the Cu2Se 

(311) reflection peak located at 51.1°, suggesting that selenium is residing on the surface 

of the film to bind with the copper. The MoSe2 (100) reflection peak located at 31.8° in 

Samples 1 and 2 are quite intense but reduce in intensity with increasing temperature. 

However, that is when the (200) and (108) reflection peaks for MoSe2 present themselves 

at 65.0 – 66.0° in Samples 3 and 4. This increase proposes that there is a strong selenium 

bond with the back contact in all four samples, although more prominent in the first two. 

It is presumed that sulfur has been introduced into all four samples and what phases it 

creates becomes clear as the temperature increases.  

A predominant feature in the diffractograms of Sample 3 and 4 is the MoS2 (101) reflection 

peak located at 33.8°. These molybdenum secondary phases then indicate that there is a 

stronger back contact bond with selenium at lower temperatures and with sulfur at higher 

temperatures. These secondary phases with the back contact in either case are not ideal as 

they can provide recombination sites and reduce performance.29 No binary phases such as 

CuSe and SnSe are seen, suggesting that the precursor reaction went to completion to form 

the CZTSe layer.10 Other secondary phases such as ZnSe and Cu2SnSe3 are not able to be 

distinguished from the diffractograms as the Bragg’s peak of those overlap with that of 

stoichiometric CZTSe.  
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Figure 3.3: XRD diffractograms for Samples 1-4 of CZTSSe. Resulting secondary 

phases and defects are summarized in the legend within the figure. 

 

Figure 3.4: XRD diffractograms for Samples 1-4 centered at a) (112) reflection 

kesterite peak ranging from 26.5° – 28.8°, b) (220/204) reflection kesterite peak 

ranging from 44.5° – 48.0° and c) (312/116) reflection kesterite peak ranging from 

53.5° – 57.0°. The dashed lines in each figure represent the standard CZTSe and 

CZTS peaks.  
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Therefore, to confirm the presence of CZTSe (JCPDS # 00-052-0868) and CZTS (JCPDS 

# 00-026-0575) phases, the three major crystallographic reflection peaks at (112), 

(220/204) and (312/116) were studied. Considering these reflections are located at 27 – 

28.5°, 44 – 47.5° and 52 – 57° respectively, Samples 1 – 4 show several intermediate peaks 

between the standard CZTSe and CZTS phases indicating the presence of kesterite 

Cu2ZnSn(S,Se)4 (CZTSSe) in the samples.25, 30, 31 The intermediate peaks are most 

prominent for the reflection at (112) but are also present for the reflections at (220/204) 

and (312/116).  

Figure 3.4 showcases a zoom of the full diffractogram centered around a) the (112) 

reflection peak, b) the (220/204) reflection peak and c) the (312/116) reflection peak. In all 

the inlays, the intermediate peaks tend to be between the known CZTSe and CZTS peaks 

yet shift towards the CZTSe peak at higher temperatures. Assuming that this shift is linear 

from CZTS towards CZTSe as S replaces Se, the intermediate peak position can be used 

to determine the S/(S+Se) content. 30, 31 The linear interpolation was done using the (112) 

peak in Figure 3.4a as it has the highest intensity, thus, being easy to calculate. The content 

can then be estimated using the following formula, where x is the intermediate peak 

position and A is the linear factor. The linear factor equates to 1.28 as it is the difference 

between the standard (112) peaks of CZTSe (27.16°) and CZTS (28.44°). 

 

    
[𝑆]

([𝑆𝑒]+[𝑆])
=
𝑥−27.16

𝐴
                    (3.1) 

 

The resulting S/(Se+S) contents are summarized as percentages in Table 3.3 with the 

smallest percentage signifying the highest amount of selenium in the CZTSSe phase. 

Studies where CZTS was sputtered then selenized at various temperatures demonstrated 

that this ratio tends to decrease with increasing temperatures and that higher S/(S+Se) ratios 

lead to easier formation of defects.32, 33 At lower temperatures for Samples 1 and 2, the 

selenium incorporation into the CZTSSe phase is low as the S/(Se+S) ratio is 62.0% and 
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57.0% respectively. For that reason, the selenium that is present in the film binds with the 

back contact to create more of the MoSe2 impurity and the intermediate peak is situated 

closer to the CZTS standard peak.  

As the temperature increases for Sample 3, the selenium incorporation into the kesterite 

CZTSSe phase is high as the S/(Se+S) content is reduced significantly to 4.70%. Excess 

sulfur that may remain in the system then binds with the back contact to create added MoS2 

impurities. Despite the added low-intensity secondary phases in Sample 3, the main 

kesterite reflection peak at (112) shifts towards the standard CZTSe phase, thus, forecasting 

a better performance than Sample 2. At a temperature of 525 °C for Sample 4, the 

intermediate peak starts to shift away from the standard CZTSe peak and acquires a 

S/(Se+S) percentage of 13.0%. Although higher temperatures imply a higher amount of 

selenium in the kesterite phase, the amount of impurities in the diffractogram of Sample 4 

indicate that there is excess selenium binding with the surface impurities.  

The intermediate peaks for reflections at (220/204) and (312/116) follow the same trend 

between the standard peaks as they shift towards the CZTSe phase at higher temperatures, 

with the exception of Sample 4. Another reason for the shift may occur due to the x-ray 

incident angle. As the incident angle becomes larger, more of the bulk film will be 

measured and the closer the measurements will be to the CZTSSe/Mo interface.5 A 

narrower incident x-ray angle will strike towards the surface of the film and away from the 

film/substrate interface. It can then presumed that all four samples had a larger x-ray 

incident angle as the powder patterns all have a strong Mo (110) peak at 40.5°, with Sample 

4 having the largest incident angle since the intensity of the Mo peak in Sample 4 is the 

strongest.  

The intermediate peaks can also be used to calculate the average grain size among these 

samples by using Debye Scherrer’s formula expressed in equation 3.2 where D is the 

crystallite or grain size, 𝜆 is the wavelength of the x-ray source (CuKα 𝜆 = 1.5046 Å), 𝛽 is 

the FWHM of the (112) peak determined by gaussian fitting and 𝜃 is the Bragg angle of 

the intermediate (112) peak.4, 34 The grain size along with other XRD parameters 

determined through the (112) reflection peak are summarized in Table 3.3. 
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𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
                 (3.2) 

Table 3.3: XRD parameters evaluated for electrodeposited CZTSe Samples 1-4 

through the (112) reflection for different selenization temperatures where standard 

CZTSe (112) peak is 27.16°. 

 Selenization 

temperature 

Bragg 

angle 

(2𝜽) 

FWHM 

(rad) 

Grain 

size 

(nm) 

Lattice 

strain 

(ε) x10-3 

Dislocation 

density (δ) 

(nm-2)    

x10-3 

[𝑺]

([𝑺𝒆] + [𝑺])
 

 (%) 

Sample 

1 

400 °C 27.95° 0.010 14.0 2.5 5.2 62.0 

Sample 

2 

450 °C 27.95° 0.011 13.0 2.5 5.4 57.0 

Sample 

3 

500 °C 27.22° 0.0047 30.0 1.1 1.1 4.70 

Sample 

4 

525 °C 27.33° 0.0050 28.0 1.2 1.2 13.0 

 

It is observed that the average crystallite size increases with the selenization temperature 

until 525 °C where the size decreases slightly but is still comparable. As the temperature 

increases, there is more available energy for atoms to acquire so that crystallites collide to 

form bigger particles. The trend of increase in grain size does not follow for Sample 4 at 

525 °C as the grain size slightly decreases. This can once again be attributed to a possible 

change in the x-ray incident angle and demonstrating that for Sample 4, the grain size is 

possibly larger on the surface of the film rather than the bulk material where the other 

samples seem to be primarily measured.5, 35 Now as temperature increases, the FWHM of 

the intermediate peaks should decrease, giving way to a more crystalline film, ensuring 

that holes and gaps in the film do not disrupt current along the surface of the film. 
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This is a point of significance seeing as Sample 3 had the largest measured photocurrent, 

grain size and the smallest FWHM. Holes and gaps in the material can cause geometric 

dissimilarity at the boundaries between crystal lattices of the film and the substrate which 

can affect the structural properties of the film and cause lattice strain.36 Once lattice stress 

transpires, lattice deformities or dislocations may occur. The dislocation density is then a 

measure of the number of dislocations in a unit volume of a crystalline material. The lattice 

strain and dislocation density can be calculated using equations 3.3 and 3.4 respectively.4,34  

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
                     (3.3) 

 

 𝛿 =
1

𝐷2
                    (3.4) 

The ε, β, 𝜃, δ and D variables represent the lattice strain, FWHM through (112), Bragg 

angle, dislocation density and the grain size accordingly. Principally, the dislocation 

density will increase as the grain size decreases due to the increased number of potential 

gaps in the surface of the film. Out of all four samples, Sample 3 has the largest particle 

size and consequently has the smallest dislocation density and lattice strain, proving the 

selenization temperature of 500 °C ideal to fabricate the CZTSSe absorber layer for 

predictably higher photoresponse.  
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Figure 3.5: XRD diffractograms for CZTSSe in both NE and E scenarios. The blue 

and red dashed lines represent the standard CZTSe and CZTS peaks respectively. 

The secondary phases present are labeled in the legend while the three major 

crystallographic peaks are labeled on the standard CZTS spectrum. 

Figure 3.5 shows XRD patterns for CZTSSe films produced at 500 °C in both E and NE 

scenarios. Analyzing the diffractograms may give some insight into the large difference in 

photocurrent produced by the films as per Table 3.2. Both experimental traces show the 

three main crystallographic peaks as expected and match well to the standard CZTSe 

phases. However, a small shift in peaks is mainly observed with the (112) peak but also for 

the (220/204) and (312/116) peaks. The three main peaks are shifted toward higher 2𝜃 

angles as the (112) peak shifted from 27.31° in the NE to 27.44° in the E film. After etching, 

an increase in MoS2 and CuSe peaks are observed in the diffractogram, which opposes the 

belief that the etchant would remove these phases from the surface of the film.16 If the 

secondary phases segregated near the surface, it would have been etched by the acid easily 

as shown in Section 2.3.1. Since this was not the case, the defects must exist buried in the 

bulk material toward the back-contact of the film in these Cu poor conditions.  
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Another reason for the disparity in photoresponse along with the shift in peaks is as the 

etchant is removing selenium from the surface, sulfur is substituted in lieu of selenium in 

the crystal lattice.25, 31 By doing this, any CuxSe phases under the surface may be exposed 

and are likely to act as recombination centers for the photocurrent. The presence of MoS2 

growth in the E film indicates that the etching process revealed sulfur that has penetrated 

deeper into the film and bound with baring Mo substrate. The presence of the Mo-bound 

impurities and the small shift is not likely to account for a large disparity in performance 

between the films and so further characterization is required.  

       
1

𝐷2
=
ℎ2+𝑘2

𝑎2
+
𝑙2

𝑐2
                    (3.5) 

 

Figure 3.6: Crystal structures for: a) standard CZTS, b) standard CZTSe and c) an 

estimate of CZTSSe with 12.5% sulfur incorporation. 

In a unit cell, the lattice constant is the length between two points on the corner of the cell 

and are designated by the letters a, b, and c. In a tetragonal structure, two sides are of the 

same length and so lattice constant a is equal to b.37 The remaining lattice constants a and 

c can then be calculated by using equation 3.5 where D is the d-spacing between two planes 

and h, k, and l are the miller indices of the peak position.34, 37 The lattice constants for both 

E and NE CZTSSe were evaluated using the (112) and (220/204) peaks. The resultant 

constant values along with the standards for CZTS and CZTSe are summarized in Table 

3.4.  
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Standard crystal structures of CZTS and CZTSe along with an estimation of CZTSSe with 

a 12.5% sulfur incorporation is shown in Figure 3.6. The lattice constant a for both NE and 

E CZTSSe agree well to the standard CZTSe and work published by Zoppi et al.38 The 

lattice constant c for the NE film agrees well to the standard however the c parameter for 

the E film is an intermediate value between standard CZTSe and CZTS.39 This can be 

explained by the substitution of sulfur atoms in lieu of where selenium is expected to be. 

This substitution can greatly distort the chalcopyrite lattice as shown by constant c and can 

even alter the electronic properties of the material as exhibited by the photoresponse in 

Figure 3.2.1 Since sulfur is a smaller atom than selenium, the crystal lattice is expected to 

distort further as more sulfur is incorporated into the film or as more selenium is etched off 

the film. In addition, the existence of CuxSe impurities can strain the lattice further and 

alter its lattice parameters.40 Further compositional analysis is still required to explain the 

photoresponse reduction after the etching process.  

Table 3.4: Experimental lattice constants compared to standards 
 

 Lattice constants a & b  Lattice constant c 

Std. CZTS 5.43 Å 10.84 Å 

Std. CZTSe 5.68 Å 11.35 Å 

CZTSSe 5.66 Å 11.31 Å 

Etched CZTSSe 5.63 Å 11.13 Å 

 

3.3.3 Composition and morphology  

Surface morphology of CZTSSe in both NE and E scenarios were studied via SEM images 

shown in Figure 3.7. Low magnification of the images with the scale of 50 µm exhibits an 

overview while the high magnification inset with the scale of 10 µm exhibits a detailed 

view of the morphology. From the overview, the NE film is observed to have little surface 

details and more of a uniform surface; however, a change in film surface is noticed after 
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the etching process. After etching, the porosity and severity of cracks increased in the film 

both of which may lead to leakage current and degrade the performance of the full device.7  

       

Figure 3.7: Surface morphology of a) a NE and b) an E CZTSSe film. In each figure, 

the larger image has a scale of 50 µm while the inset has a scale of 10 µm. 

Upon higher magnification, the films demonstrate a great difference between morphology. 

In the inset of Figure 3.7a, it is observed that the film is tightly packed and comprised of 

grains that vary in size. In contrast, the E film in the inset of Figure 3.7b displays just the 

opposite as grain structures are more uniform in size and shape but appears to be loosely 

packed. This decrease in grain density after etching can account for the diminished 

photocurrent that is observed in Figure 3.2b for the E films. Loss of crystallinity hinders 

efficient electron flow across the surface of the film as charge must rely on granular edge 

contacts.26 A decrease in performance may also result from grain boundaries rather than 

the formation of secondary phases as these boundaries tend to owe to defect clusters.41, 42 

There were no alterations made to the fabrication process and so the disparity in surface 

roughness and density can be attributed to the etching process or at least the etchant itself. 

Identifying another etchant to improving surface treatments is however beyond the scope 

of this work and devices with the NE CZTSSe layer are expected to perform better.  
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Table 3.5: Elemental ratios determined through EDX for both NE and E 

circumstances. 
 

Cu/ 

(Zn+Sn) 

Zn/Sn Se/ (Cu+ Zn+ Sn+S) S/ Se 

CZTSSe 0.84 0.99 0.78 0.26 

Etched CZTSSe 0.83 1.1 0.69 0.44 

The composition of the film in both E and NE scenarios were determined by EDX and the 

resulting elemental ratios are summarized in Table 3.5. Both NE and E CZTSSe films agree 

well to earlier studies, in which devices were highly efficient, where the Cu/(Zn+Sn) ratio 

ranges from 0.8 – 0.85 and the Zn/Sn ratio is 1.0. 1, 6, 14, 38  The films exhibit Cu-poor, Zn-

rich and Sn-poor conditions compared to stoichiometric kesterite CZTSe or CZTS. These 

ratios have been adopted in literature to produce devices with higher efficiency than those 

with stoichiometric ratios.43, 44 Having Cu-poor films discourages pronounced formation 

of Cu-rich or Sn-rich secondary phases and increases the growth of Cu-vacancies in the 

film which are beneficial acceptors for charge. Previous research has also demonstrated an 

optimal Se/(Cu+Zn+Sn) value of 1.1 which both films agree with.3 The foremost variance 

between the ratios is the sulfur content between the E and NE films displayed in the last 

two columns of Table 3.5. The Se/(Cu+Zn+Sn+S) content is reduced from 0.78 to 0.69 

after the etching process which corresponds well to the increase in S/Se content from 0.26 

to 0.44 after etching. Thus, it is suggested that this surface treatment etches selenium from 

the surface to expose sulfur that has permeated deeper into the film. 

3.3.4 Band gap energy analysis 

The optical property of a NE CZTSSe film is evaluated by a Tauc plot conversion of an 

absorption spectra; the resultant band gap energy is illustrated in Figure 3.8. The band gap 

of CZTSSe ranges from 1.0 eV to 1.5 eV dependent on the S/Se ratio.37, 45, 46 Lower ratios 

indicate higher selenium content and a bandgap closer to 1.0 eV whereas higher ratios 

indicate higher sulfur content and a bandgap closer to 1.5 eV.33 Band gap analyses are not 

straightforward as the exact value of pure-phase CZTSe is still debated in literature.31 
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However, band tuning of the material is possible by adjusting the elemental composition 

of the film in addition to the deposition methods used and can range between 0.94 eV and 

1.3 eV. 6 , 15, 38, 45, 47  The Tauc plot demonstrates that the NE CZTSSe film has a band gap 

of 1.22 eV which is an intermediate value between the standards of CZTS and CZTSe. As 

this material has a bandgap energy closer to the optimal range for photon absorption along 

with a high absorption coefficient, the device is then expected to have a high efficiency. 

 

Figure 3.8: Tauc plot of an UV-VIS absorbance measurement. Linear extrapolation 

to the photon energy illustrates the band gap energy of NE CZTSSe. 

3.3.5 Inclusion of buffer layer and full device analysis  

A buffer CdS layer is added to the NE CZTSSe to enhance the performance of the film for 

the full device as demonstrated in Section 2.3.1. By the addition of this n-type 

semiconductor, recombination is expected to decrease as a strong p-n junction is created to 

protect the film and aid in electron transfer. The reactions in solution are explained in 

Sections 3.3.1 and 2.3.1. Figure 3.9 exhibits the PECMs for a NE CZTSSe film before and 

after the addition of the CdS buffer layer. As the light is turned on, both samples 

demonstrate an instantaneous increase in current density indicating electron transfer to the 

methyl viologen. After the addition of CdS, the current density of the film increases nearly 

four-fold validating the benefit of the buffer layer. For the film without the buffer layer, 
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the current density is also seen to continuously increase throughout the scan as a charge 

imbalance is present as discussed previously in Section 3.3.1. In contrast, the addition of 

the CdS layer enables generation of consistent current throughout the scan, suggesting the 

restoration of charge balance. Also, during the light-on scenarios, recombination is 

noticeably reduced for the film with the buffer layer which once again establishes that the 

n-type CdS layer is adept to protecting the film.  

      

Figure 3.9: PECMs of NE CZTSSe with and without the inclusion of the CdS buffer 

layer. 

When the light is turned off, the current density is expected to promptly drop down to zero 

current. However, for the CZTSSe film, negative overshoots are observed from -0.20 V 

onwards implying a continued product separation of charges. Upon the addition of the CdS 

layer the negative spikes are greatly diminished as the current is held steady in the absence 

of light. Despite this improvement, the presence of dark current is observed to increase 

throughout the scan. Dark current refers to unwanted leakage current from the p-n junction 

in the absence of light which can stem from defects in the film itself. These defects can be 

intrinsic or at any impurities present in the film potentially due to high temperature 

fabrication.48 If these defects are located in or close to the SCR, recombination in the SCR 

will increase and generate electron-hole pairs without the assistance of photons thus 

increasing the dark current.48 Solutions to decrease dark current may involve decreasing 
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the annealing temperature of films before and after the CdS layer or alter surface treatments 

to refine the absorber layer and better the p-n junction. Nonetheless, the CdS layer provides 

an enhancement of photocurrent as an increase from 2.80 mA/cm2 to 3.40 mA/cm2 is 

observed after the addition of the buffer layer. This is comparable to resultant CZTS/CdS 

PECMs attained in Section 2.3.1. 

 

 

Figure 3.10: J-V curve for champion full devices of a) a NE CZTSSe film and b) an 

E CZTSSe film. The voltage and current density at maximum power, indicated by 

the dashed lines highlighted in green, are used to calculate the Fill Factor (FF). 

Solar devices were built with both E and NE CZTSSe layers to establish the disparity in 

performance. Figure 3.10 displays champion devices fabricated with E and NE films. 

Etching the impurities and altering the composition of the sample could have altered the 
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Eg and in turn the band offset between the layers. If the offset had decreased, the VOC was 

expected to decrease along with it.49 The J-V curves were measured on an area of 0.20 cm2 

scribed by a razor for both devices. The full device with the NE CZTSSe film shows a high 

VOC and ISC of 0.97 V and 9.4 mA/cm2 respectively with a fill factor of 0.40 leading to an 

efficiency of 5.3%. In contrast, the device with the E film shows an VOC and ISC of only 

0.67 V and 4.9 mA/cm2 respectively with a fill factor of 0.43 leading to an efficiency of 

1.8%. The green dashed lines represent the voltage and current density at Pmax where the 

maximum power is the point at which the lines meet. The slope in the curve that leads from 

the ISC to the Pmax demonstrates shunt resistance and as the slope increases the shunt 

resistance decreases.  

A low shunt resistance allows electrons to flow through alternative pathways causing the 

current the bleed and in turn lowering the short-circuit current. However, a lower shunt 

resistance is observed for the NE device suggesting that a high series resistance is the main 

cause for the loss of power in the E device. Series resistance can be observed by the slope 

from the Pmax to the VOC with larger slopes indicative of higher series resistance. Higher 

series resistance can branch from improper metal back-contact during device fabrication 

and can in turn lead to a decrease in the conducive properties of the device.46 As seen in 

Section 3.3.3, the surface morphology after etching the CZTSSe film was revealed to be 

highly porous. This increase in porosity is the cause for the decrease in conducive 

properties and thus poorer photocurrent shown in Figure 3.2. This is also cause for higher 

series resistance which in turn reduced the VOC.50   

Table 3.6: Range of characteristic J-V curve parameters, measured over ten 

working devices for non-etched CZTSSe and etched CZTSSe. 
 

Efficiency 

(%) 

VOC (V) FF JSC 

(mA/cm2) 

CZTSSe 1.5 – 5.3 0.75 – 1.2 0.35 – 0.47 2.4 – 10.0 

Etched CZTSSe 0.53 – 1.8 0.38 – 0.75 0.35 – 0.43 0.46 – 5.8 
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Figure 3.11: Device efficiency histograms for: a) NE CZTSSe and b) E CZTSSe. 

Ten full devices for both NE and E scenarios were measured and the statistics for the 

characteristic parameters are summarized in Table 3.6 and Figure 3.11. The performance 

of both E and NE CZTSSe devices were lower than average laboratory efficiencies for 

CZTSe or CZTSSe devices due to the discrepancy in deposition techniques. Many studies 

analyze films that have been either DC or magnetron sputtered. 1, 10, 38, 47, 51 This study used 

multi-step electrodeposition, a technique not widely used, but advantageous as it is an 

easily controlled technique to alter precursor layers for modifications in elemental 

composition or surface morphology. The champion NE device is not significantly lower 

than studies that have achieved efficiencies of 7.0% and 6.2% through DC sputtering and 

is higher than efficiencies of 3.4% obtained by chemical spraying. 10, 14, 38, 47 Thus, speaking 

well to the potential of CZTSSe film produced by a multi-step electrodeposition technique.  

For both E and NE devices, the range of efficiencies are illustrated as a histogram in Figure 

3.11. The range is narrower than that determined for CZTS NCs in Section 2.3.6. Although 

this material has a lower maximum device efficiency, the narrow range suggests higher 

potential for higher efficiencies along with an increase in reproducibility of devices. The E 

devices have an even more narrow range for the measurement parameters, which indicates 

consistency. However, the reach of the maximum efficiency is much lower than its 

nanocrystal counterpart. Thus, to improve the possibility or potential of a highly efficient, 

E CZTSSe device, modifications to the etchant or surface treatments must be investigated. 
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3.4 Conclusions 

In conclusion, CZTSe films were fabricated by electrodeposition of metallic layers 

followed by high temperature. Electrodeposition followed an earlier procedure that ensured 

the optimal ratio of Cu/(Zn+Sn) of 0.85 and Zn/Sn of 1.0. Selenization parameters were 

thereby investigated. Films that were selenized at a temperature of 500 °C with 5 mg/cm2 

of selenium produced the greatest photoresponse determined by PECMs. It was also 

discovered that unlike for the CZTS NCs, post-process etching with acetic acid did not 

enhance the charge carrier flow in the film. The addition of CdS proved to be adept to 

protecting the film as it improved photoresponse and reduced recombination on the non-

etched film. 

Through analysis of x-ray diffractograms, it was revealed that contamination from tube 

furnace had allowed for the substitution of sulfur in lieu of selenium to form CZTSSe 

layers. The sulfur substitutions happened beneath the surface of the film as etching the 

surface appeared to remove selenium to expose sulfur. This was confirmed through lattice 

constants where substitution of sulfur shortened lattice constant c. Surface morphology of 

the films exhibited a porous, disconnected film after post-process etching which in turn 

would lead to current losses and an increase in recombination sites.  

Due to the presence of sulfur, the bandgap energy was shifted towards higher energies at 

1.22 eV. The E CZTSSe device attained a VOC, ISC, and efficiency of 0.67 V, 4.9 mA/cm2 

and 1.8% respectively. The NE device was greatly enhanced to a VOC, ISC, and efficiency 

of 0.97 V, 9.4 mA/cm2 and 5.3% respectively. The NE device had parameters that were 

within the wide range of efficiencies for laboratory devices, but discrepancies lay within 

the deposition techniques and surface treatments used in literature. The range of VOC and 

efficiencies for NE and E CZTSSe devices is narrower than that of CZTS NCs which 

demonstrates higher reproducibility upon further fabrication enhancements. 
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Chapter 4  

4 Fabricating and characterizing electrodeposited 
CuIn(S,Se)2 thin film solar cells 

This chapter focuses on optimizing CuIn(S,Se)2 (CISSe) films in order to enhance the 

photoresponse of the film and full device efficiencies. CISSe was fabricated using 

galvanostatic electrodeposition followed by selenization. The temperatures for selenization 

were varied and resultant films were etched with acetic acid for impurity removal. 

Photoelectrochemical measurements (PECMs) were used to evaluate the photocatalytic 

ability of the light-absorber-layer and optimize it for later use in full devices. The effect of 

post-process etching was structurally and compositionally analyzed using XRD and EDX 

among other conventional characterization techniques. Devices were made with the 

optimized CISSe film and its efficiencies, before and after etching, were compared to those 

of the CZTSSe based devices in Chapter 3 and CZTS NC based devices in Chapter 2.  

4.1 Introduction  

Fossil fuel consumption and greenhouse gas emissions have become an international 

concern as the environment becomes progressively damaged. Global efforts have been 

devoted towards renewable resources to lessen the need for fossil fuels. Photovoltaic solar 

devices are one of the most convenient ways to generate electricity as solar energy is a 

readily abundant source of energy. In this field, thin films for use in solar cells have become 

of increasing interest to harvest solar energy although the caveat being the photoconversion 

efficiency.  

Polycrystalline CuInxGa(1-x)Se2 (CIGS) has been a leading material in thin film solar cells 

due to its highly effective photocoversion with a maximum efficiency recorded as 22.6% 

in laboratory scale.1 However, CIGS cells are generally produced with vacuum deposition 

techniques which are expensive due to high-cost equipment and source materials. 

Therefore, other thin film materials have been sought out to fit the goals of a low-cost, 

environmentally friendly candidate for highly efficient devices.  
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A promising alternative to CIGS is CuInSe2 (CISe) as it has great optoelectronic properties 

such as a direct band gap and high light absorption coefficient. Many studies produce CISe 

films using vacuum deposition or co-evaporation techniques with a maximum efficiency 

reaching to 17%.2 Its related alloy CuIn(S,Se)2 (CISSe) is also an interesting substitute as 

the relative content of S/(S+Se) allows for band gap tuning from 1.0 eV to 1.5 eV.3,4,5 The 

Hillhouse group has reported the highest CISSe device efficiency of over 13% by drop-

casting and spin coating solution-processed CISSe.6, 7 However, to keep aligned with low-

cost goals, an inexpensive and scalable deposition technique is required to commercialize 

solar cells. Electrodeposition might meet these requirements and be advantageous for many 

reasons including good control of film composition and morphology based on one-pot 

electrochemical deposition during a potentiodynamic course.8 

Maximum efficiency for a CISe and CISSe solar cell fabricated with electrodeposition has 

been reported to be 8.7% and 11.3%, respectively.9,10 Laboratory research explores one 

step electrodeposition of aqueous baths but is inherently difficult as there is a large 

difference in reduction potentials for copper, indium and selenium. In this way, sequential 

electrodeposition of a Cu/In bilayer followed by a selenization process is beneficial in 

controlling composition.11 In addition, characterization of the photoresponse is one of the 

essential requirements to determine the effectiveness of the light-absorbing layer. 

Evaluating the charge-carrier efficiency in the film before production of a full device leads 

to lowered costs and an insured high photovoltaic efficiency. Photoelectrochemical 

measurements (PECMs) are a valuable technique to do this by measuring the catalytic 

conversion of MV2+ to MV+.12, 13, 14, 15 

In this chapter, sequential electrodeposition of Cu/In was used and succeeding selenization 

parameters were optimized using PECMs. Results were obtained for CISSe samples 

annealed with selenium and lingering sulfur from the furnace tube during the fabrication 

process. Variance in selenization temperature as well as post-process surface etching were 

investigated to corroborate the formation of CISSe and change in relative S/Se content. 

The effect of these aspects on morphological, optical, structural and compositional 

properties were analyzed. Full solar devices were manufactured to understand the extent 

of reproducible, highly efficient CISSe films fabricated by electrochemical deposition. 
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Unless stated otherwise, procedures were conducted in an open-air environment to aid in 

low-cost fabrication.   

4.2 Experimental  

4.2.1 Sequential electrodeposition, selenization & fabrication of full 
devices  

CISSe films were fabricated by sequential galvanostatic electrodeposition of metallic 

precursors using a Solartron 1287 Potentiostat, succeeded by a selenization process. 

Molybdenum-coated soda-lime glass (SLG) was purchased from University Wafer 

(Boston, MA) with a 0.5 µm thickness of Mo and 500 µm thickness of SLG. This Mo-

coated glass was used as the back contact in film fabrication. A three-electrode system 

similar to that mentioned in Section 3.2.1 was used to deposit the precursors, with the 

continued use of Mo-coated glass and platinum mesh as the working and counter electrodes 

respectively. The only modification to the system in this case was the use of the SCE as 

the reference electrode for all electrochemical baths.  

The copper precursor bath was made and deposited exactly following the procedure 

outlined in Section 3.2.1. In brief, the bath, consisting of 25 g/L CuSO4•5H2O, 120 g/L 

NaOH and, 37.5 g/L D-sorbitol, was deposited onto the Mo-coated glass using a constant 

current density of 2.5 mA/cm2 for 90 seconds. An indium sulfamate plating bath was 

purchased from the Indium Corporation (Clinton, NY) and deposited onto the copper layer 

using a constant current density of 11.0 mA/cm2 for 48 seconds. Using Faraday’s law, this 

was calculated to provide an initial Cu/In ratio of 0.6 which was proven to be beneficial to 

the photoresponse in an earlier study.16  

The film samples then underwent an annealing/selenization procedure similar to the 

fabrication of CZTSe films. This was done in a Thermo Scientific Lindberg Blue M Tube 

Furnace with a quartz tube for vacuum and argon purges to -100 kPa and 40 kPa 

respectively. In summary, the annealing temperature was held at 275 °C for 20 minutes 

and selenization temperatures were varied from 400 °C to 500 ° C in 50 °C increments with 

a final temperature of 525 °C. The starting ratio of selenium powder to total surface area 

was kept to 5 mg/cm2 as it displayed the highest and most consistent photoresponse in a 
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previous CIS study.16 The final films were etched with concentrated acetic acid for 30 

minutes to remove surface impurities. Further device fabrication used both non-etched 

(NE) and etched (E) films.  

A buffer layer of cadmium sulfide (CdS) was deposited onto the films via chemical bath 

deposition as stated in previous chapters. The bath comprised of 103.5 mg cadmium acetate 

(Sigma-Aldrich, 99.99%), 4.5 mL ammonium hydroxide (Caledon, >99%), 3 mL of 1 M 

ammonia acetate and 1.5 mL of 0.5 M thiourea in 142.5 mL of MilliQ water at a 

temperature of 65 °C. The samples were submerged for 7.5 minutes to deposit 50 nm of 

CdS on the CISe films.  

Resultant CISe/CdS films were then placed in the Ultratech/Cambridge NanoTech 

Savannah S200 Atomic Layer Deposition (ALD) workstation reaction chamber for 10 

minutes at 200 °C under vacuum to remove water intercalation. To finish fabricating the 

full devices, the deposition of both 50 nm ZnO and 250 nm AZO window layers followed 

a procedure detailed elsewhere.17  

4.2.2 Characterization 

The films were characterized by PECMs once again. These were carried out in a solution 

of 0.05 M MV2+ and 0.1 M KCl as previously described in Section 2.2.2 for selenized CISe 

and for the half-device following CdS deposition.  

After selenization, films were removed from the Mo-coated substrate through physical 

abrasion and dispersed in isopropanol to 0.5 g/L for absorbance measurements. The band 

gap energy was obtained using a Cary 50 UV-VIS instrument for absorption spectra, which 

were then underwent a Tauc plot conversion. Further characterization of both types of 

CISSe films involved examining their elemental composition and crystal structures via 

SEM (Hitachi TM 3030 Plus Tabletop microscope with an EDX system at 15.0 kV) and P-

XRD (Inel CPS Powder Diffractometer with an Inel XRG 3000 Cu X-ray generator and an 

Inel CPS 120 detector), respectively, using the exact methods described in Section 3.2.2. 

XRD patterns were compared to standards using the ICDD Database and the PDF4+ 

software (ICDD, PA). Crystal structures were produced using VESTA ver. 3.5.5.18 Final 
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device J-V curves were attained with the 150 W Newport lamp with AM 1.5 D filter and 

collected with the IVIUM CompactStat. Using a power meter, the initial input power from 

the lamp with the filter was measured to be 0.69 “suns”. All procedures were conducted in 

an open-air environment, unless stated otherwise, in order to keep fabrication costs low.  

4.3 Results and Discussion  

4.3.1 Refining conditions for selenization via PECMs 

PECMs were used once again to investigate the quality of the film based on its 

photocatalytic conversion of incident photons into useful photocurrent. Selenization 

temperatures of 400 °C, 450 °C, 500 °C and 525 °C were tested and the corresponding 

PECMs are shown in Figure 4.1 with the range of photocurrents summarized in Table 4.1. 

Temperatures under 400 °C were not tested due to the lack of photoresponse and the 

inability to effectively deposit selenium powder on the Cu/In stacks. Principally, the 

photoresponse increases with temperature apart from Sample 8 in Figure 4.1d. All samples 

also display a higher photoresponse than those achieved in Chapter 3 for CZTSe films. 

Sample 5 in Figure 4.1a and Sample 6 in Figure 4.1b have comparable photoresponse, as 

the maximum current densities achieved were 0.70 and 1.0 mA/cm2, respectively. Both 

measurements retain a near square wave at near zero potentials. However, as the bias 

becomes increasingly negative, current transients in both the light-on and light-off 

scenarios are observed.  
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Figure 4.1: Photoelectrochemical measurements for CISe films fabricated with 5 

mg/cm2 of selenium at selenization temperatures of a) 400 °C, b) 450 °C, c) 500 °C 

and d) 525 °C. 

In general, p-type semiconductors such as CISe have electrons that are transferred from 

their conduction band to the solution-phase oxidant MV2+, and thus the observed current is 

reductive.4 The exponential decay observed immediately after the light-on scenario 

indicates surface recombination processes and anodic current as MV+ is re-oxidized at the 

surface.12 The ongoing reactions in the electrolyte solution upon illumination have been 
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conferred extensively in the previous chapters. At a potential of -0.27 V, both Sample 5 

and 6 start to experience cathodic current transients at the light-off scenarios. This is due 

to reduction of the photogenerated MV2+ to MV+ at any exposed Mo substrate or impurities 

in the film.12, 16 A concept discussed in Chapter 3 is the increase in photoresponse with 

increasingly negative biases. As both Samples 5 and 6 have consistent photoresponse 

throughout the scan, it is assumed that both of these films are already saturated with 

electrons and there is no need to restore the charge balance in solution.19  

Figure 4.1c showcases the PECM for a CISe film fabricated at 500 °C and demonstrates 

the highest maximum photocurrent achieved of the four samples at 2.35 mA/cm2. The 

photocurrent increases drastically with increasingly negative applied biases until -0.37 V 

where it decreases slightly, suggesting that this is the point at which the film is perfectly 

saturated with electrons. Sample 7 also exhibits anodic current transients at most potentials, 

suggesting surface recombination, as well as dark anodic spikes and cathodic currents from 

-0.30 V onwards. The negative spikes at light-off scenarios signify that more MV+ was 

produced upon illumination resulting in continued production of MV2+ during light-off 

scenarios at any exposed Mo substrate or impurities in the film.12 At potentials lower than 

-0.30 V, there is reduced surface recombination which correlates well to the point of 

electron saturation in the film. The restoration in a near square wave along with the high 

photoresponse are indicative of higher quality and a stable film.  

Table 4.1: Range of photocurrent as a function of selenization temperature 

determined by PECMs in Figure 4.1. 

 

 

Selenization temperature Photocurrent range 

a): Sample 5 400 °C for 30 min. 0.45 - 0.70 mA/cm2 

b): Sample 6 450 °C for 30 min. 0.50 - 1.00 mA/cm2 

c): Sample 7 500 °C for 30 min. 0.75 - 2.35 mA/cm2 

d): Sample 8 525 °C for 30 min. 0.35 - 1.05 mA/cm2 
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Sample 8 in Figure 4.1d decreases in photoresponse from Sample 7 and reaches a 

maximum photocurrent value nearly identical to that of Sample 6 at 1.05 mA/cm2. The 

trace of Sample 8 closely mimics that of Sample 7 but at a lower magnitude. The PECM 

illustrates an increase in photocurrent with more negative bias and does not become 

saturated with electrons until -0.35 V. Throughout the scan, Sample 8 displays surface 

recombination at the light-on scenarios and begins to show continued product separation 

at the light-off scenarios at -0.25V. The reason for the decrease in photocurrent may be due 

to the selenization temperature. Commonly with increasing temperature, crystallization of 

the film could increase to protect the film from current loss.20 However, Yeranyan et al. 

studied CIS films fabricated via magnetron sputtering and established that at higher 

temperatures the potential growth for secondary phases such as CuxSe was increased.21 

These secondary phases can inhibit the photoresponse of the film and in turn negatively 

affect the efficiency of a device. As Sample 7 had the highest overall photoresponse, 500 

°C was used as the selenization temperature for further film fabrication. 

The ideal selenium concentration for a CISe film have been explored in previous studies; 

however, the temperatures used to fabricate those films have been found to be too high 

which can cause indium levels in the film to decrease throughout the selenization process.22 

Low levels of indium produce a Cu-rich film which in turn leads to poorly performing 

films. Therefore, in a similar fashion to that in Chapter 3, films were tested at various 

selenization temperatures along with post-process etching to determine the best conditions 

to improve the film. The starting ratio of Cu/In deposition was kept at 0.6 as higher starting 

Cu/In ratios had binary copper selenide phases that remained in the film, and lower starting 

Cu/In ratios had unreacted binary indium selenide phases.16, 22 The starting mass-to-area 

ratio of selenium was kept at 5 mg/cm2 as this was previously proven to yield the maximum 

photoresponse and have good adherence to the back contact.16 
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Figure 4.2: Photoelectrochemical measurements of CISe films fabricated with 5 

mg/cm2 selenium at 500 °C in E and NE scenarios. 

As the selenium concentration has already been explored and optimized in previous work, 

the effect of etching to remove possible CuxSe secondary phases was studied. Figure 4.2 

features PECMs of CISe films fabricated at 500 °C and exhibits both post-process and no 

post-process etching. Both traces show similarities in shape, with the E trace showing more 

of a square wave at near zero potentials, whereas the NE trace displays more surface 

recombination. In both cases, the photoresponse increases with more negative bias and 

does not become saturated with electrons by the end of the scan; this is more prominent in 

the NE trace. The reactions and the rates at which they occur have been examined 

extensively in previous chapters. Surface recombination largely dominates at the light-on 

scenarios, and the cathodic transients at light-off scenarios imply continued product 

separation at the exposed Mo substrate.12, 16, 23 

While both anodic and cathodic transients are more prominent in the NE film, the greatest 

disparity between the two traces is the maximum photocurrent achieved, as the NE CISe 

film attains 2.35 mA/cm2 while the E CISe film only reaches 0.70 mA/cm2. This is 

consistent with the results in Chapter 3 for the CZTSe film but in contrast to the results in 

Chapter 2 for the CZTS NCs. Colombara et al. studied the effect of etching on Cu-poor 

versus Cu-rich films and determined that Cu-rich films were more susceptible to reap the 
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benefits of etching compared to Cu-poor films upon etching, which showed photocurrent 

decrease.24  

An argument discussed in Chapter 3 for the reduction in photoresponse is that selenium on 

the surface is removed by the etchant. With the argument from Colomobara et al., this is 

more probable due to the Cu-poor nature of the electrodeposited film. Another rationale is 

that the CuxSe is being etched off; however, this secondary phase is very conductive and 

by its removal, the current through the film is diminished.21 Additional testing and 

characterization of the film was required to conclude elemental and electrical changes in 

the film for various temperatures and post-process etching. For further device fabrication, 

CISe films were made with 5 mg/cm2 of selenium at a temperature of 500 °C with no post-

process etching. 

4.3.2 Structure of CISe film via x-ray diffraction  

X-ray diffraction was utilized to determine the structure of the CISe films at each 

selenization temperature. Thermal annealing that precedes the selenization process ensures 

good crystallinity and sharper peaks in the diffractograms.25, 26, 27 The diffractograms 

displayed in Figure 4.3 also give insight into crystal size and the crystallinity of the film at 

temperatures from 400 °C to 525 °C. In Figure 4.3, the standard diffractograms for CIS 

(JCPDS# 01-085-1575) and CISe (JCPDS# 00-040-1487) are also included for 

clarification. The characteristic chalcopyrite peaks corresponding to the planes (112), (220) 

and (312) for the standards are at 26.67°, 44.17°, and 52.38° for CISe and 27.91°, 46.33°, 

and 55.08° for CIS. Samples 5 – 8 all display the presence of Mo (JCPDS# 00-004-0809), 

a chalcopyrite structure, and no other peaks attributed to common secondary phases such 

as CuxSe or In2Se3, suggesting a pure phase film. With materials in previous chapters, the 

construction of the film not only included a two-step fabrication process but also multi-

step electrodeposition, whereas for CISe, there is one less electrodeposition step involved. 

This benefit in the fabrication process allows for a more refined film, as can be seen in the 

diffractograms below.  
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Figure 4.3: XRD diffractograms for CISe Samples 5 – 8. The three most 

characteristic peaks are labeled with a colour legend included within the figure. Red 

dashed lines indicate standard peaks for CISe and black dashed lines indicate 

standard peaks for CIS. 

Akin to the CZTSe films in Section 3.3.2, there is a shift amongst the three major 

crystallographic reflection peaks as the temperatures increased due to possible sulfur 

contamination during the selenization process.28, 29 Samples 5 – 8 demonstrate intermediate 

peaks between the standard CIS and CISe phases which indicate the existence of kesterite 

CuIn(S,Se)2 or CISSe in the samples. This is easily seen with the (112) peak but is also 

observed for the (220/204) and (312/116) reflection peaks. Apart from Sample 8, the most 

intense peak at (112) shifts toward the CISe phase as the standard peaks for CIS are at 

larger angles. Absence of distinct (211) and (101) peaks in the diffractograms are indicative 

of non-stoichiometric compositions in the films.30  

The lack of dual peaks for both selenium and sulfur suggest that sulfur atoms are interposed 

into the film by sulfur substitution at selenium sites.5, 16 Substitution of selenium by sulfur 

is reliant on the stability of the film at a certain selenization temperature. The substitution 
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of sulfur appears thermally favoured while the substitution of selenium is dependent on 

temperature. Thus, at lower temperatures, the CISe compound is not stable and so selenium 

atoms can easily be replaced by sulfur, whereas at higher temperatures, the compound is 

more stable, allowing a more Se-rich compound to exist. This can provide a selenium-rich 

back but a sulfur-rich surface.5, 10  

The relative S/(S+Se) content can be determined from the (112) intermediate peak using 

equation 3.1.31 The linear factor A in the equation for this material equates to 1.24, as it is 

the difference between the standard (112) reflection peaks of CIS (27.91°) and CISe 

(26.67°). The resultant values are summarized as percentages in Table 4.2 with the smallest 

percentage indicative of the highest selenium content in the sample. These values show 

that at lower temperatures, selenium is easily replaced by sulfur, since at 400 °C the relative 

S/(S+Se) content is at its highest at 69.0%. At 500 °C, the CISe layer has the greatest 

stability to prevent sulfur substitution as the relative S/(S+Se) content is reduced 

significantly to 8.0%. The intermediate (112) peak angle of every sample was also used to 

estimate the average grain size, lattice strain and dislocation density using equations 3.2 – 

3.4 expressed in Section 3.3.2.32, 33 
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Table 4.2: XRD parameters for Samples 5 – 8 through the (112) reflection peak for 

various selenization temperatures where the standard (112) peak for CISe is at 

26.67°. 

 Selenization 

temperature 

Bragg 

angle 

(2𝜽) 

FWHM 

(rad) 

Grain 

size 

(nm) 

Lattice 

strain 

(ε) x10-3 

Dislocation 

density (δ) 

(nm-2)    

x10-3 

[𝑺]

([𝑺𝒆] + [𝑺])
 

  (%) 

Sample 

5 

400 °C 27.53° 0.0046 31.0 1.1 1.0 69.0 

Sample 

6 

450 °C 27.14° 0.0039 36.0 0.96 0.77 38.0 

Sample 

7 

500 °C 26.77° 0.0037 39.0 0.90 0.68 8.0 

Sample 

8 

525 °C 26.86° 0.0047 31.0 1.1 1.1 15.0 

 

The grain size follows the trend of increasing with temperature, with the exception of 

Sample 8 once again. This decrease in grain size can be attributed either to the increase in 

sulfur content, as sulfur is a smaller atom than selenium, or to high temperatures causing 

damage to the cell.34 The Sample 8 exclusion holds true for the FHWM decreasing with 

increasing temperature as well. As the crystallite size decreases, the peak width increases 

due to Scherrer broadening, this can be seen from correlating the FWHM to the grain size.35 

Narrowing of the FWHM with increasing temperature indicates a crystalline nature of the 

films which corresponds well to the increase in grain size to ensure fewer breaks in the film 

are present. Dependent on the Bragg angle and grain size, are the lattice strain and 

dislocation density. As the grain size increases, the number of holes and breaks in the film 

should theoretically reduce, allowing for less lattice strain and lattice deformities or 

dislocations.32 This is seen with Sample 7 as it has the highest grain size and lowest 
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S/(S+Se) content, permitting less sulfur substitutions or dislocations in the crystal lattice 

as well as the least amount of lattice strain in the film. These parameters provide an 

explanation as to why Sample 7 had an increase in PECM photoresponse.  

 

Figure 4.4: XRD diffractograms for CISSe in both NE and E scenarios. The red and 

black dashed lines represent the standard CISe and CIS peaks, respectively, while 

the three major crystallographic peaks are labeled. 

Figure 4.4 displays XRD patterns for CISSe films in both NE and E scenarios that were 

analyzed to explain the disparity in performance. Both traces show the three characteristic 

chalcopyrite peaks corresponding to the (112), (220/204) and (312/116) planes. 

Interestingly, both traces also show good agreement to the standard CISe phases in 

comparison to the standard CIS phases with no other secondary phase peaks. From Table 

4.2, both traces should have minimal sulfur substitution and larger grain size as the samples 

were derived from Sample 7. The major dissimilarity between the NE and E diffractograms 

is a right-shift of the (112) peak from 26.76° in the NE film to 26.94° in the E film. The 

etching process was speculated to etch off any impurities or secondary phases such as 

CuxSe or In2Se3 residing on the surface to produce a refined and crystalline film. Instead 

what is seen is a shift toward higher 2θ, potentially due to selenium on the surface being 
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etched off and exposing sulfur that has penetrated deeper into the CISSe layer. With a cu-

poor stoichiometric films, grains may grow from top-down resulting in higher sulfur 

concentration near the back of the film.36   

 

Figure 4.5: Crystal structures for: a) standard CIS, b) standard CISe and c) an 

estimate of CISSe with 12.5% sulfur incorporation. 

 

Table 4.3: Chalcopyrite lattice constants for standard CIS, CISe and experimental 

CISSe films in both E and NE scenarios. 
 

 Lattice constants a & b  Lattice constant c 

Std. CIS 5.52 Å 11.13 Å 

Std. CISe 5.78 Å 11.62 Å 

CISSe 5.78 Å 11.48 Å 

Etched CISSe 5.73 Å 11.44 Å 

In chalcopyrite structures, the lattice constants a and b are equal while c is different, and 

so lattice constants a and c can be calculated using equation 3.5 expressed in Section 

3.3.2.33 The resultant constants in comparison to the standards are summarized in Table 
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4.3. Crystal structures for standard CIS, CISe and an estimation of CISSe are illustrated in 

Figure 4.5. For the NE CISSe film, the lattice parameter a matched well to the standard 

CISe, while for the E film, the lattice constant a is more of an intermediate value between 

the CIS and CISe standard values.37, 38 In both scenarios for the film, the lattice constant c 

is smaller than its theoretical counterpart and is once again an intermediate value. This is 

directly related to the shift in the (112) reflection of the film and may be due to localized 

distortion, proving once again that with smaller lattice constants, the more sulfur 

substitutions there are, as sulfur is a smaller atom than selenium.39,40 This increase in sulfur 

contamination could explain the reduction in photoresponse by the E films, but further 

compositional analysis is required to conclude this.  

4.3.3 Composition and morphology via SEM/EDX 

Figure 4.6 showcases SEM images taken before and after etching with acetic acid to give 

insight into the surface morphology of the films. Additionally, the composition of the films 

before and after etching was evaluated by EDX to assist in explaining the diffractogram 

shifts seen in Figure 4.4. The larger images with a scale of 50 µm provide an overview of 

the film surface while the insets with a 10 µm scale display the surface morphology in 

greater detail. On the surface of the overview, the NE film shows a smoother surface with 

less void formation in comparison to the E film. A smoother surface is generally needed 

for well performing light-absorber-layer in solar cell applications as it promotes efficient 

charge transfer across the surface.26, 36  

Upon magnification in Figure 4.6a it is observed that the NE film is comprised of tightly 

packed granular structures largely varying in size. Figure 4.6b showcases the E film in 

which the overview looks rougher and contains more pinholes than the NE film. The 

decrease in selenium content can attribute to the surface roughness and grain size in the E 

film.41 Once magnified, the E film appears to be significantly more porous and loosely 

packed. As the deposition and selenization conditions were kept constant, this change 

between the packing of granular structures in the films can be attributed to the etching 

process. The difference in photoresponse between the NE and E films can then be traced 

back to the quality of the film and the electrical connectivity on the surface, as loosely 

packed or porous films will see a decline in efficient current being generated.16, 42 
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Figure 4.6: Surface SEM images of a) a NE and b) an E CISSe film. The larger 

image has a scale of 50 µm whereas the inset has a scale of 10 µm. 

 

Table 4.4: Relative molar ratios of NE and E CISSe films measured by EDX. 
 

Cu In  Se S 

CISSe 0.62 1.00 2.3 0.12 

Etched CISSe 0.71 1.00 2.1 0.24 

 

The elemental composition of the CISSe films were estimated from EDX and expressed in 

Table 4.4. In previous studies, it was determined that films with a Cu/In ratio of 0.6 had 

the best performance in comparison to higher Cu/In ratios that suggested a more copper-

rich film.16 In literature, it has been suggested that the reduction of copper content in CIS 

films improves the optical properties as it results in fewer defects that inhibit 

recombination.43 The NE film displays an optimal ratio of Cu/In at 0.62 and corroborates 

previous findings. It also shows a higher-than-stoichiometric selenium content but with 

two-step fabrication processes, stoichiometric values are harder to obtain and may not 

necessarily be the best for the performance of the film.23 In contrast, the E film shows a 

higher Cu/In ratio at 0.71 due to the etching process and the potential loss of indium at high 
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temperatures. The relative molar ratios for the E CISSe are closer to stoichiometric values; 

however, the sulfur content is seen to increase as the selenium content decreases after the 

etching process. This corroborates the speculation that selenium on the surface is etched 

off to expose sulfur that has congregated deeper into the film.  

4.3.4 Band gap energy analysis  

The optical property of the NE CISSe film was studied the conversion of a UV-VIS 

absorption spectrum to a Tauc plot at room temperature. The band gap energy is obtained 

from this graph by extrapolating the linear portion of (αhν)2 to intercept the x-axis. The 

linear behaviour of the Tauc plot indicates that the film has a direct band gap and it was 

determined to be 1.17 eV. This is in between the standards of CIS and CISe which are 

generally around 1.49 eV and 1.02 eV, respectively.10 While the experimental value is 

bowed toward standard CISe, many factors can change or shift the band gap energy, such 

as temperature and grain size. Deviations from stoichiometric compositions may also 

account for a lower Eg.
44  Previous studies have shown that the deposition methods, 

electrodeposition parameters and the sulfur content can also drastically change the band 

gap energy.10, 28, 33, 40, 45, 46 Selenization at high temperatures has been shown to increase 

the grain size in the film and shift the band gap to higher energies. Larger band gaps are, 

however, beneficial as they are closer to the optimal region for photocoversion of solar 

devices.   
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Figure 4.7: Tauc plot of the UV-VIS absorbance measurement showing the band 

gap for NE CISSe. 

4.3.5 Full device completion and analysis  

After film fabrication, the next step in solar device manufacturing is the addition of the 

CdS buffer layer. The purpose of adding an n-type buffer layer is to facilitate electron 

transfer between layers to enhance the photocurrent produced. This improvement by the 

CdS has been shown in Sections 2.3.1 and 3.3.5 and is expected to protect the absorber 

layer from further degradation or oxidization that may reduce the photoresponse. Figure 

4.8 exhibits the PECM for a NE CISSe film along with the addition of CdS on top of the 

NE film. Throughout the scan, the current density increases with progressively negative 

bias for both samples due to the imbalance of charge in the solution. Recombination and 

continued product separation are demonstrated by the spikes and negative overshoots 

during the light-on and light-off scenarios, respectively. The reactions that occur in solution 

have been discussed extensively in Sections 4.3.1 and 2.3.1. The maximum current density 

that the NE CISSe film produces is 2.35 mA/cm2. In addition to the photocurrent 

enhancement, a reduction in recombination was observed after CdS was added, as 

expected. At potentials closer to zero, there is minimal recombination during the light-on 

scenarios. As the scan progresses toward more negative potentials, the recombination does 

grow, but at a reduced rate. However, negative overshoots indicating continued product 
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separation begin at -0.25 V at a higher rate than the film without the CdS layer. This 

corresponds with the slight increase in dark current observed from -0.25 V onwards. 

Nevertheless, the photocurrent increases to 3.30 mA/cm2 upon the addition of the buffer 

layer and is comparable to the results obtained in Sections 2.3.1 and 3.3.5.  

 

Figure 4.8: PECMs of NE CISSe with and without the addition of the CdS layer. 

As proof of concept, full solar cells were built with both E and NE CISSe films. The 

champion devices for each scenario are showcased in Figure 4.9 where the area measured 

for both devices is 0.15 cm2. Similar to the CZTSSe, the change in composition after 

etching could have enhanced the Eg and in turn the lower band offset between the layers. 

Thus, as the electric field relaxes with decreasing band offset, the VOC is predicted to 

decrease after etching.47  The NE champion device achieved a maximum efficiency of 2.1% 

with an open-circuit potential of 0.93 V and short circuit current of 3.9 mA/cm2. The E 

champion device achieved a maximum efficiency, open-circuit potential and short circuit 

current of 0.88%, 0.52 V and 3.4 mA/cm2, respectively. On the J-V curve, the maximum 

current and voltage at maximum power are represented by the dashed green lines, where 

the maximum power is the point at which the lines meet. Both Figures 4.9a and b display 

low shunt resistance as seen by the slope of the curve from the short-circuit current to the 

maximum power point. This low shunt resistance can provide additional alternative 

pathways for current which in turn accounts for lower photocoversion efficiency. This 
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feature is more prominent in the E device where particle size is smaller in the film, and the 

compactness of grains was a concern.  

 

 

Figure 4.9:  J-V curve of the a) champion NE CISSe full device and b) champion E 

CISSe full device. The current density and voltage at maximum power are indicated 

by the green dashed lines used to calculate the Fill Factor. 

As illustrated in Figure 4.6, the film became more porous and less compact once etched 

which can lead to degradation of the CISSe attachment to the back contact. The worse back 

contact the device has, the more likely the efficiency of the device is below 1%, as it is 

indicative of high series resistance.5 Since the series resistance and short-circuit current 
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appear to be similar in both champion devices, the decrease in efficiency is then mainly 

associated with the decrease in open-circuit potential and fill factor. Both parameters are 

negatively impacted by poor crystalline quality, film roughness and degradation of the back 

contact.5, 42, 48 There are many other factors that can contribute to the reduction of device 

efficiency; however, smaller grain size invites increased recombination on the grain 

boundaries and leads to a poor heterojunction between layers due to the roughness of the 

individual layers.49 The E device can testify to this fact as the E film displayed increased 

porosity that could have led to electrical losses on the absorber/buffer interface. Device 

efficiency could be improved with optimization of surface treatment conditions and 

procedures.  

Table 4.5: Measurement statistics of J-V curve parameters for ten working devices 

of both non-etched CISSe and etched CISSe.  
 

Efficiency 

(%) 

VOC (V) FF JSC 

(mA/cm2) 

CISSe 1.1 – 2.1 0.70 – 0.93 0.36 – 0.42 2.7 – 3.9 

Etched CISSe 0.71 – 0.88 0.42 – 0.57 0.31 – 0.38  2.7 – 4.8  

 

 

Figure 4.10: Final device efficiency histograms of: a) NE CISSe and b) E CISSe. 
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The statistics for measurement parameters from ten full devices for both non-etched and 

etched cases can be seen in Table 4.5 and Figure 4.10. The overall performance of the 

CISSe devices is lower than the average research efficiencies; however, the deposition 

techniques in studies vary considerably from quantum dots to spin coating.5, 40, 50, 51 The 

reported range of efficiencies in the table is also lower in magnitude compared to devices 

made by means of electrodeposition.11, 42, 49 A possible reason for this is that many studies 

involve one-pot electrodeposition wherein all of the precursors are added into the same 

bath. The difficulty with this lies in optimizing the deposition current or potential, as 

reduction potentials vary between additives.52  

Multi-step electrodeposition can bypass this problem as its advantage is the ability to easily 

control the deposition and elemental ratios.53 The caveat with this technique is an increased 

probability of layer segregation which can lead to poorer photocurrent and device 

efficiency. From the histograms presented in Figure 4.10, CISSe devices have a narrow 

range of efficiencies which speaks well to its reproducibility. In contrast, the CZTS NCs 

in Section 2.3.6 exhibited a much larger range for efficiency which shows good potential 

but poor reproducibility. With high reproducibility, the CISSe film carries a great deal of 

potential to achieve scalable and efficient devices in comparison to the materials discussed 

in earlier chapters.  

4.4 Conclusions 

The selenization process and post-process etching were investigated. The objective of 

varying selenization parameters was to prevent indium losses and increase photoresponse 

of the films. Utilizing PECMs, it was determined that non-etched CISe films selenized at 

a temperature of 500 °C with 5 mg/cm2 of selenium obtained the greatest photoresponse. 

Addition of the buffer layer demonstrated an improvement in PECMs for the non-etched 

film. Degradation of the film is continued to be seen as recombination was present at both 

light-on and light-of scenarios.  

Structural determination via XRD confirmed that sulfur contamination had occurred, and 

the resultant films were CISSe. Intermediate peaks between the standard CIS and CISe 

ascertained the amount of sulfur incorporation. It was established that films produced at 
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lower selenization temperatures incorporated more sulfur substitutions. This increase in 

sulfur content held true for films that were etched with acetic acid. Compositional analysis 

via EDX corroborated selenium loss after post-process etching while non-etched CISSe 

films maintained an optimal Cu/In ratio of 0.6. Morphology exposed a porous surface of 

the film after etching displaying a poor quality of the film, causing a decline in electrical 

connectivity.  

As a result of sulfur substitutions in the film, a higher than average band gap energy of 1.17 

eV was established. The champion NE CISSe device attained a VOC, ISC, and efficiency of 

0.93 V, 3.9 mA/cm2 and 2.1%, respectively, whereas the champion E device parameters 

were diminished to a VOC, ISC, and efficiency of 0.52 V, 3.4 mA/cm2 and 0.88% 

respectively. The range of device efficiencies is lower than that of average laboratory 

devices due to variations in deposition techniques. The increase in porosity of the films 

also contributed to degradation of the back contact and reduction in series resistance which 

lowered the efficiency. The range of VOC and efficiencies for both NE and E CISSe devices 

is however narrower than that of the materials discussed in earlier chapters. This advocates 

for higher reproducibility thus, further enhancements should focus on reducing interactions 

with the back contact and improving the homogeneity of the film to reduce series resistance 

in the device.  
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Chapter 5  

5 Concluding remarks and future work 

5.1 Concluding remarks 

The objectives of my thesis have been to determine the most remunerative deal for thin-

film solar cells from three chalcogenide materials: CZTS, CZTSSe and CISSe, as the light-

absorption and conversion layers. They were investigated throughout this thesis as they all 

show to be promising candidates for use in solar cells. My research focused on fabricating 

the light-absorbing films using two distinct low-cost methods: 1. electrochemical 

deposition of metallic layers followed by a sulfurization/selenization process and 2. 

nanocrystal synthesis and electrophoretic deposition. The photocurrent produced in 

photoelectrochemical measurements (PECMs) was employed as a quantitative measure of 

the film quality. Utilizing this technique, each material was optimized to produce the 

greatest amount of photocurrent toward the most efficient final device.   

Chapter 2 investigates the p-n heterojunction of an efficient solar device employing CZTS 

nanocrystals for the light-absorber-layer. Fabrication involved solvothermal synthesis of 

CZTS nanocrystals along with post-process etching with acetic acid. By means of PECMs, 

the film produced the most photoresponse after post-process etching and the addition of 

the CdS buffer layer as hypothesized. Altered crystal structures due to the etching 

procedure was examined via XAFS, which displayed an increase in p-type character and 

decrease in porosity in the nanocrystals after etching, leading to higher efficiencies. The 

barrier at the p-n heterojunction was determined using band gap and valence band energy 

values determined from UV-VIS and SR-XPS.  

Both spike-like and cliff-like barriers were possible, with the former valuable to efficient 

current flow and prevention of current loss. For both scenarios of etched and non-etched 

nanocrystals, a spike-like barrier was determined deeming beneficial use of nanocrystals 

for the absorber layer. The etched device attained a higher device efficiency and open 

circuit potential of 6.5% and 0.85 V, respectively. Chapter 2 also touched on the 
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development of CZTS by electrodeposition (ED) of stacked metallic layers. Preliminary 

results of an ED CZTS layer yielded low photoresponse and required further optimization.  

This led into the motivation for Chapter 3 where electrodeposition alongside selenization 

was used to create a CZTSSe film as selenium proved to increase photocurrent. 

Optimization of the selenization conditions lead to the highest photoresponse produced by 

a film fabricated at 500 °C with 5 mg/cm2 of selenium. In contrast to the previous chapter, 

photoresponse decreased upon etching of the absorber layer. PECMs also displayed an 

increase in photoresponse when the CdS buffer layer was added. Upon composition 

analysis, it was determined that sulfur substitutions occurred due to contamination and that 

the etching process removed selenium residing on the surface. Both facts led to an increase 

in sulfur and in turn a decrease in photoresponse when the film was etched. Surface 

morphology of the CZTSSe layer before and after etching gave insight into another basis 

for poor performance. After post-process etching, the porosity in the film increased which 

resulted in a rise of recombination sites and inefficient charge flow throughout the film. As 

hypothesized from the PECMs, the non-etched device attained the higher efficiency and 

open-circuit potential of 5.3% and 0.97 V, respectively.    

Considering selenium enhanced photocurrent, the same rationale was applied in Chapter 4 

where the performance of CISSe devices were investigated. The CISSe film was fabricated 

by electrodeposition of a Cu/In bilayer followed by high temperature selenization. 

Electrodeposition parameters were kept constant however selenization parameters were 

modified to achieve highest photocurrent without indium losses. PECMs concluded that a 

film fabricated at 500 °C with 5 mg/cm2 of selenium produced the highest photocurrent. 

Similar to Chapter 3, post-process etching with acetic acid resulted in a diminished 

photoresponse yet an increase when the CdS layer was added. X-ray diffractograms 

revealed sulfur incorporation possibly due to contamination and thus the absorber layer 

was concluded to be CISSe. At lower temperatures and after etching, more sulfur was 

present. This argues that the etchant aids in the removal of selenium from the surface, 

exposing sulfur that penetrated deeper into the film. Surface morphology confirmed this 

conjecture as etched CISSe films displayed an increase in cracks which drives current loss 
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throughout the film. As expected, non-etched CISSe devices achieved the higher device 

efficiency and open circuit potential of 2.1% and 0.93 V, respectively.  

 

 

Figure 5.1: Range of device efficiencies of CZTS, CZTSSe and CISSe as a function 

of open-circuit potential in a) ten non-etched devices and b) ten etched devices. 

The most efficient device using the three chalcogenide materials as the light-absorbing 

layer was concluded to be the etched CZTS NC one with the least efficient being the etched 

CISSe device. Figure 5.1 graphically exhibits the range of device efficiencies as a function 
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of open-circuit potential for all materials in both etched and non-etched cases. When 

determining the most remunerative deal for solar cells, cost and reproducibility become the 

greatest influential factors. While CZTS NC devices achieve a higher maximum efficiency, 

the range across ten devices in both etched and non-etched cases is vast in comparison to 

the other materials. This wide range in device efficiency demonstrates poor reproducibility 

for the synthesis and deposition of the nanocrystals. Both film fabrication techniques are 

low-cost, however electrodeposition is deemed to be the stronger and more reproducible 

technique for its cost.  

Conversely, CISSe devices have the narrowest range for efficiency in both etched and non-

etched cases yet the maximum efficiency is much lower than its CZTS and CZTSSe 

counterparts. In addition, indium is more expensive than other elements used. Thus, the 

CISSe film should have been within or above the range of laboratory efficiencies to justify 

the cost. The narrow range of efficiency does advocate for the reproducibility of the film 

however many improvements must be made to upkeep the promise of being a highly 

efficient material. Finally, the scope of CZTSSe devices separates that of the other two 

materials. The range of device efficiencies and open circuit potentials is narrower than that 

of the nanocrystals which endorses the reproducibility of the film. Furthermore, the reach 

of efficiency is higher than that of CISSe as the maximum obtained was 5.3%, showing 

promise. In addition, the CZTSSe film utilizes cheaper, earth abundant materials.  

Considering reproducibility and cost factors, the CZTSSe absorber layer is the most 

remunerative deal of the three materials for highly efficient solar devices. The 

electrochemical deposition technique used is also an advantage as it is a low-cost and easily 

scalable method for future fabrication. Further improvement to this deposition technique is 

still required as the reduction of secondary phases and porosity have the greatest impact on 

increasing device performance. 

5.2 Future work  

Long term goals of solar devices focus on low-cost methods involving environmentally 

friendly aspects. The electrochemical deposition technique is reproducible and has more 

promise over a nanocrystal approach. However, the selenization step involves a high-
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temperature process which is expensive and harmful to the film surface. Therefore, we 

should move towards fabricating a light-absorber-layer with all the components 

electrodeposited as it could lower manufacturing costs even further and yield in more 

replicable devices. Electrodeposition of thin films is also considered one of the most 

promising deposition techniques due to the ability to control film thickness. Thus, good 

future work is to use this technique to incorporate selenium into the film without needing 

high temperature atmospheres. Many studies have utilized electrodeposition of selenium 

while analyzing the morphology and formation mechanisms of the selenium deposit.1, 2 

Following the work of Dilmi et al., selenium deposition on a Mo-coated glass substrate 

was tried and the resulting photoresponse was investigated.3 The recipe of the selenium 

plating bath is detailed in their study; however, Mo-coated substrates were not explored in 

their work and so the deposition parameters were modified.  

 

Figure 5.2: PECMs of electrodeposited selenium on Mo-coated glass at various 

deposition potentials. Each deposition was held for 20 seconds. 

Figure 5.2 demonstrates the photoresponse of electrochemically deposited selenium on 

Mo-coated glass at different deposition potentials. As Mo-coated glass provides no 

photoresponse under illumination, it is established that the resulting photocurrent is from 

the selenium. Further research is required into the growth mechanism of the 

electrochemically deposited selenium on stacked metallic layers and the yielding 

photoresponse. Nevertheless, these preliminary results show promising grounds for future 
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elimination of high temperature selenization and towards an entirely electrodeposited light-

absorbing layer. The solar industry faces many struggles with the cost of manufacturing 

solar devices.4 Yet the use of electrodeposited CZTSSe, given more improvements, may 

be effective for low-cost, large scale implementation.   

In addition, future research should explore the replacement of the subsequent CdS layer. It 

is often used in literature and laboratory work for the n-type buffer layer. However, to meet 

environmental concerns, it should be modified or omitted due to its toxicity. Alternative 

materials to replace CdS include zinc/cadmium hybrids, In2S3 and Zn(O,S).5, 6, 7 Out of 

which, Zn(O,S) in recent literature has shown to be beneficial to the overall device 

efficiency due to its large and tunable Eg in comparison to CdS.6, 8 Deposition of the 

Zn(O,S) buffer layer could be easily done via CBD or an ALD. The ALD technique while 

precise, requires the use of toxic H2S and long processing times.8 Conversely, the CBD 

technique is a simple method that is widely used but necessitates more control over the 

uniformity and thickness of the deposited layer. Nonetheless, alternative buffer layer 

materials and deposition techniques also need further optimization to produce efficient 

devices for commercialization. 
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