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Abstract 

Cu2ZnSnS4-xSex (CZTSSe) based kesterite solar cells, comprise of abundantly 

available and environmental benign elements, which have drawn widespread 

attention as they are excellent candidates for thin film solar cells. In addition, other 

advantageous qualities of CZTSSe that makes it suitable for thin film applications 

include its high absorption coefficient in the visible wavelength range, intrinsic p-

type conductivity and a direct band gap.  

The technologies available to fabricate high quality CZTSSe absorbers are still 

in their infancy, with the solution based techniques requiring either a highly toxic 

and dangerous solvent such as hydrazine, or an organic solvent such as methanol. 

Thus, an environmentally green and cost effective method is in current high 

demand.  

In this work, an aqueous-based chemical spray pyrolysis technique was used to 

deposit a uniform CZTS layer on Mo coated glass. The film was further processed 

in a high temperature selenization furnace to obtain a highly crystalline CZTSSe 

absorber. Using X-ray diffraction (XRD) and Raman spectroscopy, no detectable 

secondary phase was observed from the CZTSSe absorbers. A uniform elemental 

distribution was suggested from SIMS depth profiling, except for slightly increased 

concentrations of Zn and S close to the Mo contact layer. The S/Se ratio can be 

tuned by applying different amounts of Se in the selenization process, which 

resulted in similar solar cell conversion efficiencies above 5%. The highest 

efficiency obtained after process optimization was 7.5%, which to the best of our 
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knowledge, is the highest efficiency obtained for a kesterite containing solar cell 

fabricated by an aqueous-based solution method.  

The carrier recombination behavior in CZTSSe absorber was investigated by 

temperature and power dependent photoluminescence (PL) spectroscopy. The 

donor-acceptor pairs (DAPs) transition was concluded as the dominant 

recombination mechanism. Non-radiative recombination was responsible for the 

large temperature quenching effect observed for the PL intensity. The thermal 

activation energies of the non-radiative recombination channels have been 

calculated and present a higher value for the post-optimized CZTSSe absorber, 

indicating a less severe non-radiative recombination for post-optimized CZTSSe.  

The energetics alignment of the CZTSSe solar cells was investigated by 

impedance spectroscopy. Three solar cell devices with a similar short circuit current 

density (Jsc) were investigated and revealed a similar recombination resistance 

from the analysis of their impedance spectra. The calculated results from the Mott-

Schottky relationship indicated a similar carrier concentration but a variation in the 

energetics alignment, which was considered as one of the critical factors affecting 

the Voc. The schematic band alignment was presented for a better understanding 

Voc origin.  

Alternative CMTSSe (M=Ca, Ni, Mg, Mn) absorbers were also fabricated via a 

spray pyrolysis method followed by selenization. XRD and Raman spectroscopy 

showed that the CMTSSe (M=Ca, Ni, Mg) samples all coexisted with additional 

binary and tertiary phases. Similar to the CZTSSe, the samples of CMnTSSe 
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presented a single kesterite phase. Furthermore, the solar cell devices based on 

the CMnTSSe absorber generated a 0.07% conversion efficiency, indicating it as a 

potential alternative for CZTSSe-based absorbers.  
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Chapter 1 Introduction 

1.1 Introduction and Background 

The development of sustainable energy, in particular, solar energy has 

significant meaning for the human society, as it is translates to harvesting energy 

directly from the sun. Photovoltaic (PV) devices involve the direct transfer of 

energy from sunlight to electricity. The first practical PV solar cell was 

demonstrated in Bell Labs in 1954 using silicon p-n junctions. 1 Thin film PVs have 

emerged since the 1970s, and includes chalcopyrite CuIn1-xGaxS2-xSex (CIGSSe), 

CdTe and amorphous silicon (a-Si) containing solar cells.2 As CdTe solar cells require 

highly toxic cadmium elements and a-Si solar cell efficiency is limited by its intrinsic 

problem of recombination, chalcopyrite type CIGSSe solar cell has become 

increasingly promising in this field. 3  

CIGSSe materials have a very high absorption coefficient of up to 105 cm-1 and 

an adjustable direct band gap between 1.0-1.7 eV, which can be varied by 

modifying the concentrations of In and Ga in the crystal lattice. 4-5 These properties 

make it highly suitable for visible light (400-800 nm wavelength range) harvesting 

in PV devices. In principle, a two micrometer layer of CIGSSe thin film is able to 

absorb 90% of the incoming solar energy.  CIGSSe materials have been used to 

make flexible solar cells without compromising the power conversion efficiency 

(PCE). 6-8 CIGSSe solar cells have very good chemical and physical stability that can 

resist the detrimental effects of illumination, temperature variation and humidity. 

9 So far, the CIGSSe solar cells have obtained a PCE of 21.7% under laboratory 



2 

 

conditions and 15.7% for a demonstration module. 10 However, the low elemental 

abundance and the high cost of In and Ga, render CIGSSe-containing PVs 

unsustainable and costly.  

Indium and gallium free kesterite semiconductor such as Cu2ZnSnS4-xSex 

(CZTSSe) makes it a promising candidate for solar cell development due to the high 

abundance and low cost of Zn and Sn. As the In (III) and Ga (III) are replaced by Zn 

(II) and Sn (IV), it possesses similar structural, physical and electrical properties to 

that of CIGSSe. CZTSSe is an intrinsic p-type semiconductor with direct band gap 

(Eg) ranging from 1.0 eV (pure CZTSe) to 1.5 eV (pure CZTS). 11 The high absorption 

coefficient and hole conductivity in polycrystalline CZTSSe lead to good light 

harvesting and charge separation in the solar cell devices. The solar cell design for 

CZTSSe can adopt the same structure as CIGSSe solar cell with a substrate 

configuration to enhance the charge collection at the p-n junction depletion region. 

To date, the power conversion efficiency for kesterite solar cells reaches 12.6% 

with hydrazine-related solution based process, 12 which indicates a promising 

future for further development.  

1.2 Motivation 

CZTSSe solar cells have the potential to be developed into highly efficient thin 

film PV devices with earth abundant and low cost elements. However, the 

fabrication processes remain challenging despite efforts to adapt these from the 

relatively mature CIGSSe fabrication procedures.  Currently, the highest efficiency 

obtained for CZTSSe solar cell was achieved for a device fabricated under an inert 
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argon atmosphere with hydrazine solvent, which is a highly toxic chemical. Most of 

the solution-based fabrication techniques involve organic solvents or ligands, 

which are not considered effective and environmental benign. Other techniques 

such as vacuum-based processes are observed to suffer from severe loss of Sn,   and 

only achieved 9.2% efficiency combined with the high cost of fabrication. 13 

Therefore, a scalable, cost-effective and environmental benign technique is highly 

demanded for CZTSSe fabrication.  

To date, the most critical problem limiting the kesterite solar cell efficiency is 

the open circuit voltage (Voc). Compared to the high quality CIGSSe solar cell which 

has a Voc deficit (Eg-Voc) of around 500 mV, the CZTSSe solar cells have more than a 

600 mV Voc deficit. 14 This phenomenon has been primarily analyzed and attributed 

to various aspects, such as interface recombination at CdS/CZTSSe, deep defects 

formation and short minority carrier lifetime. 15 However, the Voc limiting factors 

are still inconclusive and a detailed mechanism is still under investigation. For 

example, the carrier recombination mechanism from device quality CZTSSe has yet 

to be established. The energetics alignment has only been studied between the 

buffer layer and CZTSSe, without considering its effect on the Voc. 16-18 Research 

targeting these problems is crucial for understanding further the functionality of 

kesterite solar cells towards improving their power conversion efficiencies.  

1.3 Objective and Scope 
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By considering the challenges encountered during the development of the 

kesterite solar cell aforementioned, the objectives and scopes of this research 

work cover the following aspects:  

1. Develop a novel and environmentally friendly aqueous-based solution 

technique for CZTSSe thin film absorber deposition 

a. Investigate the solution acidity effect on the morphology and uniformity of 

as-deposited CZTS thin film by chemical spray pyrolysis (CSP). 

b. Analyze the impact of morphology, phase purity and elemental distribution 

on poly-crystalline CZTSSe thin films. 

c. Study the effect of band gap tuning, by Se incorporation, on the solar cell 

performance.  

2. Investigate the carrier recombination mechanism in CZTSSe thin films by 

studying  photoluminescence spectroscopy 

a. Investigate the transition type of carrier recombination in CZTSSe by 

temperature and power dependent photoluminescence spectroscopy 

b. Analyze the impact of CZTSSe selenization temperature on the 

luminescence energy and thermal activation energy of the non-radiative 

recombination 

c. Investigate the role of defect complexes of CZTSSe on the luminescence 

d. Explore the minority carrier lifetime of CZTSSe by time-resolved 

photoluminescence (TRPL) spectroscopy 

3. Explore energetics alignment effect on the Voc of the solar cell by impedance 

spectroscopy 
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a. Investigate the forward bias effect on device recombination resistance by 

analyzing Nyquist plots derived from impedance spectroscopy 

b. Explore the CZTSSe carrier concentrations and flat band potentials from 

Mott-Schottky relation.  

c. Investigate energetic alignment of the solar cell devices and its relation with 

the Voc of the solar cell.  

4. Crystal structure analysis of  CMTSSe (M=Ca, Ni, Mg, Mn) materials for solar 

cell applications 

a. Illustrate the necessity and potential of CMTSSe as a light absorber 

b. Analyze the crystal structure and identify secondary phases in CMTSSe film 

using XRD and Raman spectroscopy 

c. Demonstrate the application of CMTSSe in solar cells and investigate the J-

V properties under light conditions.  

1.4 Thesis Contribution 

The original scientific contribution from this research work is listed below:  

1. Demonstrated a novel, scalable and environmental benign method to fabricate 

device quality CZTSSe absorber. A 7.5% PCE solar cell has been obtained from 

this work. 

2. Identified the carrier recombination as the donor-acceptor pairs (DAPs) 

transition in CZTSSe absorber. Analyzed the thermal activation energy of the 

non-radiative recombination in CZTSSe. Illustrated the role of defects 

complexes in the carrier recombination.   
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3. Investigated the recombination resistance and energetics alignment of the 

solar cells. Analyzed the effect of energetics alignment on the Voc of the solar 

cells using the Mott-Schottky relation.  

4. Analyzed the crystal structure and phase purity of CMSTSSe materials. 

Demonstrated a 0.07% efficiency CMnTSSe solar cell with a diode-type 

behavior. This was the first description of a CMTSSe-containing kesterite solar 

cell.  
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Chapter 2 Literature Review 

2.1 Thin Film Photovoltaic Development and 

Advantages 

The current PV market is dominated by monocrystalline and polycrystalline 

silicon, due to its abundance and high efficiency. 19 However, the thin film PV has 

become a rising alternative over the recent decades, 20 where devices containing 

CIGSSe, CdTe and a-Si, have demonstrated their high efficiencies in both laboratory 

and industry settings. 21-23 These direct band gap semiconductors display a very 

high absorption coefficient and band gap suitable for visible light harvesting. Thus, 

a highly efficient solar cell can be achieved with only a several micrometer 

thickness of absorber, 24 which can be considered a remarkable saving of materials, 

and allows the demonstration of flexible PV devices without compromising their 

efficiency. 25-26  

The solar cell efficiency is measured under controlled environment with solar 

simulator generating one sun spectrum at AM1.5 condition (irradiance energy 

density is 1000W/m2). The solar cell efficiency is calculated by selecting the 

maximum point of V × J, where V is the voltage and J is the current density. The fill 

factor (FF) can be calculated as: FF =
Pmax

Voc×Jsc

 , where Pmax is the maximum power 

selected.  

So far, the chalcopyrite CIGSe and CdTe containing solar cell have reached 

efficiencies of 20.9% and 19.6 % respectively. 10 However, due to the high cost of 
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indium and gallium, the future development of the chalcopyrite solar cells is 

expected to be restricted. For CdTe solar cell, the high toxicity of the cadmium is 

the critical issue for its development, as is the rarity and cost of tellurium. Therefore, 

alternative absorbers, with similar electronic and optical properties are in high 

demand.  

The kesterite CZTSSe material is considered as one of the most promising 

candidates in this field. It shares similar advantages of CIGSSe material, such as high 

absorption coefficient and tunable band gap, but contains only cheap and earth 

abundant elements. Thanks to the efforts from worldwide research, the kesterite 

solar cell efficiency reached 12.6% in 2014, starting from 0.66% in 1996, 14 and 

displays a prominent future towards  commercial development and utilization.  

2.2 Kesterite Materials and Solar Cell Working 

Principle 

2.2.1 Structure of Kesterite Materials 

The kesterite structure is originally derived from the cubic zinc blende structure 

of II-VI group semiconductor, where both II and VI atoms are tetrahedral 

coordinated to each other. As illustrated in figures 2-1 and 2-2, the quaternary 

kesterite unit cell contains two zinc blende unit cells with an orderly substitution 

of group II atoms with group I atoms and one group IV atoms. The kesterite unit 

cell can also be considered to be derived from the chalcopyrite ternary structure 

with substitution of group III atoms with group II and group IV atoms. 15 The 

location order of the elements is difficult to control, and can lead to a detrimental 
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effect on solar cell performance. This problem is addressed further in chapters 5 

and 6.  

 

Figure 2-1 Structure relationship of ZnS, CIS and CZTS 15 

 

Figure 2-2 Origination of the kesterite structure 15 
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2.2.2 Working Principle of Kesterite Solar Cell 

The kesterite solar cell adopts a similar architecture to chalcopyrite solar cells, 

as shown in figure 2-3. The CZTSSe absorber is deposited on the molybdenum (Mo) 

coated glass substrate, followed by thin layer coating of CdS as the buffer layer, 

which helps the band alignment and charge separation at the p-n junction. On top 

of the CdS layer, an intrinsic ZnO and transparent conducting oxide (TCO) are 

sputtered as the n-type window layer, followed by metal grid deposition.  4 

 

Figure 2-3 Kesterite solar cell structure 

The working principle of the kesterite solar cell is based on the p-n junction of 

the diode. The p-n junction is formed between the intrinsic p-type CZTSSe absorber 

layer and the n-type buffer layer, as well as the window layers. The p-n junction 

can generate a built-in electrical field through the diode, which is called depletion 

region. After incident light reaches on the absorber layer, electrons are activated 

and ejected from the valence band (VB) to the conduction band (CB) of the 

absorber. When the electrons diffuse into the depletion region, the electrons will 

drift through the p-n junction into the n-type TCO layer by the force from the built-
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in electrical field; while the holes from p-type semiconductor diffuse to the Mo 

electrode. Therefore, the charge separation and carrier collection are achieved. 

With the help of an external circuit, the conversion of optical energy to electronic 

energy is completed. Figure 2-4 provides an illustration of the working principle of 

kesterite solar cells. The conduction band offset (CBO) is also illustrated as the 

CZTSSe and CdS layers form a hetero-junction at the semiconductor interface, thus 

band alignment is critical for kesterite solar cells. 

  

Figure 2-4 Band diagram illustration of kesterite solar cell working principle 

2.3 Review of Promising Solar Cell Fabrication 

Techniques 

The CZTSSe thin films have been successfully deposited by various vacuum and 

non-vacuum techniques, where outstanding solar cell performances have been 

obtained. Some of these techniques are introduced as follows 
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2.3.1. Non-Vacuum Techniques 

A world record 12.6% efficiency for CZTSSe solar cell was held by a non-vacuum 

solution-based technique developed by Mitzi and co-workers. 12 Hydrazine was 

used as solvent for dissolving and dispersing the required binary and elements 

precursors followed by a spin-coating deposition process and high temperature 

annealing step. The high quality CZTSSe films were obtained by controlling the S/Se 

ratio during selenization step. Solar cells with greater than 10% efficiency were 

obtained over a wide range of S/Se ratios. 27 In addition, the thickness of buffer 

layer and window layer were also adjusted to improve the light transmittance for 

improved current collection. The 2 μm grains were observed to penetrate the 

absorber layer (figure 2-5), which helped to reduce the recombination and 

facilitate the charge separation. The composition was designed as Cu/(Zn+Sn)=0.8 

and Zn/Sn=1.2 to avoid the detrimental Cu-rich secondary phase formation. So far, 

this is still considered the best method to fabricate CZTSSe solar cells, as it does not 

require extra solvents or elements that may contaminate the final absorber. 

However, hydrazine is a highly toxic solvent that should only be used under the 

protection of an inert gas atmosphere, 28 which may restrict any future scalable 

production.  
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Figure 2-5 a) top view and b) cross-sectional view of CZTSSe film with 12.6% efficiency 12 

Another popular technique to fabricate high efficiency kesterite solar cells is to 

use nano-particle ink as the precursor. Miskin and co-workers synthesized CZTS 

nano-particles via a hot-injection method. 29 The nano-particle structure was 

confirmed by transmission electron microscopy (TEM) and Raman spectroscopy. 

The ink was spin-coated on Mo coated glass followed by a high temperature 

selenization step, which resulted in solar cell efficiencies up to 9%. 29 Hages and co-

workers also demonstrated the replacement of Sn by Ge in the nano-particles, as 

a technique to adjust the band gap of absorber. With an alloying of 30% Ge, the 

band gap could be modified from 1.1 eV of CZTSSe to 1.18 eV of CZTGeSSe. The 

corresponding efficiency was improved from 8.4% to 9.4%. 30 This work provided 

guidance on adjusting the band gap by cation substitution, mimicking the Ga 

replacement in CIGSSe absorbers, to pursue better performance of the solar cells. 

The comparison of the J-V curves for CZTSe and CZTGeSSe is shown in figure 2-6.  
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Figure 2-6 J-V current of CZTSSe and CZTGeSSe solar cells fabricated via nano-particle ink 

deposition technique 30 

Additionally, Cao and co-workers fabricated a CZTSSe absorber by applying 

binary and tertiary nano-particles. 31 Metal sulfide precursors were synthesized and 

spin-coated on Mo glass followed by high temperature selenization.  A 9.6% 

efficiency was demonstrated in this work, even though a thick layer of carbon 

coated CZTSSe small grains remained on the MoSe2 layer. The carbon residues 

originated from the organic solvent introduced from the precursor solution and 

was considered a limitation of this method to further improve the absorber quality.  

2.3.2. Vacuum Techniques 

Co-evaporation was demonstrated as a good technique for depositing CIGSSe 

absorber and a world record efficiency of 20.9% was achieved via the co-

evaporation of elemental copper, indium, gallium and selenium. However, for the 

CZTSSe absorber deposition encountered Sn loss during the process that hindered 



15 

 

the control of elemental stoichiometry. So far, the best efficiency achieved is 9.2% 

by Repin and co-workers from National Renewable Energy Laboratory.13 They used 

the same equipment and procedures as their CIGSe processing, which achieved a 

20% efficiency for the CIGSe solar cell. The In and Ga sources were replaced by Zn 

and Sn and they were able to attain very high Jsc (37.4 mA/cm2) but low Voc (377 

mV). Similarly, Shin and co-workers deposited CZTS absorber by the thermal 

evaporation of elemental Cu, Zn, Sn and S. 32 This selenium free device attained an 

efficiency of 8.4%, with a Voc as high as 661 mV.  

Sputtering techniques can achieve a precise control of the composition of the 

deposited film. Brammertz and co-workers demonstrated this technique for a 

CZTSSe absorber. 33 Cu, Zn and Cu1Sn9 metallic precursors were sputtered on Mo-

coated glass followed by selenization under H2Se environment. The solar cell 

achieved a 9.7% efficiency with a Voc = 408 mV and a Jsc = 38.9 mA/cm2.  

2.4 Challenging Aspects of Kesterite Solar Cells: Factors 

Affecting the Voc  

Even though the kesterite structure is derived from chalcopyrite structure, its 

solar cell efficiency is much lower than the best performing CIGSSe containing 

devices. One of the most critical problems is the Voc limitation. The calculated Voc 

deficit is much higher than that of CIGSSe solar cell, indicating that an additional 

recombination process occurs within the device.  

2.4.1 Voc Deficit Study from Current-Voltage-Temperature (JVT) 

Measurements of the Solar Cell Performance  
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In general, the Voc of the kesterite solar cells is lower than that of CIGSSe devices 

although they share the same band gap. Gunawan and co-workers from IBM 

investigated this phenomenon by using current-voltage-temperature (JVT) 

measurements to extract the temperature influence to the Voc and the dominated 

activation energy of the recombination of the solar cell. 34 The relation can be 

revealed by following equation:  

VOC =
Ea

q
−

nkT

q
ln(

J00

JL
) 

where Ea is the activation energy of the recombination, n is the diode ideality 

factor, J00 is the reverse saturated current pre-factor and JL is the light current. 

When it is assumed that n, J00, JL are independent of temperature, the open circuit 

voltage and temperature can be plotted with an extrapolated line indicating the Ea 

at T=0K. As shown in figure 2-7, the Ea value from CIGS solar cell was equal to the 

band gap Eg calculated from external quantum efficiency (EQE), which indicated 

that the main recombination mechanism for CIGS solar cells occurs in the bulk of 

the CIGS absorber. However, for CZTSSe solar cells, the Ea was less than the band 

gap of CZTSSe. The authors suggested that a significant contribution to the 

recombination happened at the interface between the CZTSSe absorber and CdS 

buffer layer. Thus, the interface recombination suppressed the Voc of the solar cell.  
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Figure 2-7 JVT analysis of hydrazine CZTSSe and CIGS solar cell 34 

This Voc deficit phenomenon had also been observed from solar cells prepared 

using different fabrication processes. Brammertz and co-workers fabricated CZTSe 

absorber layers by sputtering metallic stacks followed by selenization. 35 The JVT 

study of the solar cells showed a smaller Ea comparing to the Eg calculated from the 

EQE. However, it gave identical value to the photoluminescence (PL) transition 

energy. 33 It advised that the carrier recombination condition could contribute to 

limit the Voc. A further study by Redinger and co-worker observed the same relation 

between the extracted Ea and PL transition energy. 35 They refined their PL peaks 

and extracted an Ea equal to the lowest PL transition energy, as shown in figure 2-

8. They asserted this observation as evidence that the dominated recombination 

remained in the CZTSSe bulk. This study indicated that PL spectroscopy can be a 

useful tool to reveal the recombination behavior of the CZTSSe absorber and, to 

some extent, its influence on the Voc of the solar cells.  
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Figure 2-8 Extracted Ea from JVT measurement (left) and PL spectra with fitting from a 

CZTSSe absorber (right) 36 

2.4.2 Recombination study of CZTSSe Films by PL Spectroscopy   

PL spectroscopy is a powerful tool to analyze the carrier properties in 

semiconducting materials. Many research groups have used this technique to 

investigate the CZTSSe thin films. Leitao and co-workers conducted a 

comprehensive PL study on highly crystalline CZTSSe, where temperature 

dependent and power dependent PL spectroscopy were used to investigate the 

recombination transition type. The authors observed a severe quenching effect of 

the PL intensity throughout the temperature dependent PL spectra, and a non-

linear relation between the PL intensity and laser power (figure 2-9). Through the 

analysis, they concluded the carrier transition type was the donor-acceptor pairs 

(DAPs) transition. 36 In addition, two thermal activation energies of non-radiative 

recombination were extracted from the fitting of luminescence intensity versus 

temperature. However, this analysis was based on a non-device quality CZTSSe film 

that might mislead the practical situation for a device quality CZTSSe absorber.  
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Figure 2-9 Power dependent a) and temperature dependent b) PL spectrum 37 

In addition, Grossberg and co-workers from Tallinn University of Technology 

applied the temperature dependent PL on their synthesized CZTSe monograin. 38 

The PL peaks from the monograin separated into three peaks, which were 

considered as different recombination transition types coexisting in the monograin. 

They observed a similar PL intensity quenching effect as the temperature increased 

and were able to calculate the thermal activation energy from individual peaks. 

Besides, they observed a remarkable blue shifting of the peak along with a 

reduction in temperature, as shown in figure 2-10. They attributed this observation 

to the band-to-impurity type carrier recombination that involved acceptor defect 
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levels in the CZTSSe. In a following study, they demonstrated a series of PL 

spectroscopy experiments on CZTSSe monograins with different S/Se ratios. The PL 

peak positions changed according to the S/Se ratio, which allowed them to 

calculate the average depth of potential fluctuation. 39 

 

Figure 2-10 Temperature dependent PL spectra on a CZTSSe monograin 38 

PL spectroscopy has also been used to identify the band gap of wurtzite CZTSSe 

nano-crystals. A broad emission peak was observed from the nanocrystals, which 

indicated its difference from the thin film study, possibly due to a quantum 

confinement effect. The peak shifting followed the same trend as for thin film 

CZTSSe with varying S/Se ratios. 40  
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Similar PL studies have been applied on various semiconductors such as CuInSe2 

41, CIGSe 42-44,  GaAs 45-46 and GaInP 47-48, where  it has proved itself as a promising 

technique for probing the electrical properties of semiconductor materials.  

2.4.3 Electronic Structures Study of the Kesterite Materials and 

its Defects Complexity towards Chalcopyrite Materials. 

Since 2009, Chen, Gong, Walsh, Wei and co-workers together have done 

invaluable studies on the simulation of the electronic structures of CZTSSe. 11, 15, 49-

53 Firstly, they calculated the CZTSSe electronic structures of the different crystal 

structures (kesterite, stannite and PMCA) using first principle theory. 54 Their 

procedures allowed them to calculate the lattice constants, tetragonal distortion 

parameters and the values of the direct band gaps with respect to pure CZTS and 

CZTSe. This work provided a first insight of the basic electronic parameters for the 

CZTSSe materials, as suggested that the kesterite structure type attained the 

lowest formation energy among the three structures. However, the formation 

energy gap of the crystal structure transformation was not large enough to prevent 

the other two structures coexisting as minority phases. They also found that the 

ordering of the Cu and Zn cations was weak. The presented band gaps of CZTS and 

CZTSe based on their calculations were 1.5 eV and 1.0 eV respectively, which were 

consistent with experimental values. 13, 32 A subsequent study on the simulation of 

the structural and electronic properties of CZTSSe revealed a nearly linear 

relationship between the CZTSSe bang gap and S/Se ratio. The band gap bowing 

factor was less than 0.1, as shown in figure 2-11.11 This phenomenon was similar 
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with CIGSSe materials 55,  giving a feasible principle to predict the band gaps of 

CZTSSe by controlling the S/Se ratio.   

 

Figure 2-11 Band gap bowing effect with different S/Se compositions 11 

Furthermore, the relative band positions and band alignment were calculated. 

Figure 2-12 provided a clear visual representation of understanding the band 

alignment between the CZTSSe, CIGSSe absorbers and the CdS buffer layer. The red 

dashed line presented the pinning level for all chalcopyrite and kesterite materials. 

Considering the high position of the CZTS conduction band, they proposed that it 

could be very difficult to dope CZTS to n-type conductivity according the doping 

limit rules, with CZTSe offering a better alternative for n-type doping.  
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Figure 2-12 Band positions and alignment of semiconductors used in thin film solar cell 11 

The simulation work was also focused on the intrinsic defects and complexes 

existing in CZTS materials. 52 The transition-energy levels of the intrinsic defects in 

CZTS were calculated, and showed a complicated diagram as represented in figure 

2-13. In this figure, Vcu represented Cu vacancy, CuZn represented the Cu to Zn anti-

site and Cui represented the Cu interstitial defect in the lattice of CZTS. for kesterite 

material, Cu cation possessed +1 oxidation state, Zn cation possessed +2 oxidation 

state and Sn cation possessed +4 oxidation state. In this case, the Cu vacancy 

indicated an acceptor defect. For Cu to Zn anti-site, acceptor defect was also 

expected due to their different oxidation states. The Cu interstitial brought one 

additional charge to the lattice, resulting a donor defect formed near the 

conduction band. Similarly, the other defects could be derived and interpreted 

from difference of the cation oxidation states, so to be interpreted as donor and 

acceptor defects, as illustrated in the figure 2-13.  

The shallow Cu vacancy defect possessed the lowest doping energy level. 

However, the relatively deeper CuZn anti-site defects provided the lowest 

formation energy in CZTS system, which contributed to the intrinsic p-type 
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conductivity of the CZTS. As in CIGS system, the shallow Cu vacancy was dominating 

due to its lowest formation energy among all the defects. In addition, deep defects 

presented in CZTS could also contribute to the trapping of the minority carriers.  

 

Figure 2-13 Defects energy level calculated in CZTS structure. 51 

Due to the complexity of the CZTS system that three cations with different 

oxidation states are coexisting, some deep defects were easily formed in 

nonstoichiometric conditions. The deep defects could act as traps of free carriers 

or recombination centers, which led to reduce final solar cell efficiency.  As Cu poor 

and Zn rich conditions were applied to fabricate the CZTS absorber, defects 

complexes, as pairs of the donor-acceptor defects, could also be formed in this 

nonstoichiometric CZTS films (figure 2-14).  Charge compensation between donors 

and acceptors pushed the electron donor level up and the electron acceptor level 

down, so that the deep defects were eliminated and minimized. In this case, the 

defects complexes could give an electrically benign property for its passivation 

effect on the deep defects, similar to the passivation effect to the Incu antisite in 

CuInSe2 material. 
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Figure 2-14 Compensated defects complexes calculated from nonstoichiometric CZTS 51 

2.4.4 Impedance Spectroscopy on Solar Cells 

Impedance spectroscopy is a powerful and novel technique to characterize the 

electrical properties and interface properties of electronic devices. 56 The principle 

of this technique is based on the impedance measurement from the device under 

an alternating current (AC) conditions. The frequency of the AC power can be 

adjusted from several Hz up to MHz on the device. The electronic signal collected 

can be analyzed to reveal the carrier density, mobility and lifetime. Together with 

the constant direct current (DC) voltage provided, the signal can reflect the carrier 

changing properties at each point of the DC bias. A light bias can also be added into 

the system if the targeting devices are photo-sensitive. 57 A temperature 

dependent study is more suitable for devices not involving phase changing, such as 

liquid to solid, in the system. It can be used to examine the dynamics of carriers or 

charges in the materials bulk or interface. This technique is suitable for studying a 

wide range of materials such as metals, semiconductors, electrolytes and even 
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insulators. Previous studies using this technique in the field of material science 

were mainly focused on the investigation of the interface between solid surface 

and electrolytes. Dye sensitized solar cells (DSSC) were well investigated by this 

technique to study the charge transportation and mobilization. 58-59 Further 

development has been achieved by studying the solid-solid interface to illustrate 

the carrier behavior at the junction and bulk of the materials. However, to date, 

this method has not been well adopted to heterojunction solar cells. Some 

pioneering researchers have employed this method to Si solar cell 60, Organic 

photovoltaic (OPV) 61, CdTe 57 and CIGS 62 solar cells to provide some leads in this 

field.  

Mora-Sero and co-workers demonstrated the application of the impedance 

spectroscopy on high efficiency Si solar cells .60 In their work, they extracted the 

transport resistance Rtr and recombination resistance Rrec under different light 

intensities and different DC bias (figure 2-15). The Rrec was referring to the 

recombination resistance of the solar cell. The Rrec value was represented as the 

diameter distance of the full arc, along x-axis. For illustration, in figure 2-15(a), the 

Rrec for 0.2 sun was 10 ohm; in figure 2-15(b), it was 50 ohm. 

The Rrec reduced significantly as the sunlight intensity increased at forward bias.  

The total resistance was significantly higher at a reverse bias of 0.5V compared to 

a forward bias of 0.2V. This was due to the reverse bias enlarging the width of the 

depletion region of the p-n junction, or in another words, it put up the electronic 

barrier for electron movement. This figure presented a good example of the 

spectra obtained from a high quality solar cell.  The solar cell working principle can 
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be described from the varying of sunlight intensity and voltage bias, as these are 

the factors promoting the charge separation 

 

Figure 2-15 Impedance spectra of Si solar cell for different sunlight intensity at a) forward 

bias 0.2 V b) reversed bias 0.5 V 60 

This work also extracted the total resistance Rdc under different DC bias, as 

illustrated in figure 2-16. Under reversed bias conditions, the Rdc remained at high 

values, while as the DC bias increased in the forward bias region, the Rdc declined 

significantly. This result was mainly contributed by the Rrec as the Rs did not change 

significantly under any DC voltages investigated.  

Both Rs and Rrec were parameters that described the impedance of the diode 

under certain voltage bias. They were used to describe the impedance behavior of 

a diode under different DC voltages and AC voltages with different frequency.  
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Under high frequency AC voltage, only Rs was observed where the depletion 

region was acting as a capacitor; while under low frequency AC voltage, the 

depletion region presented remarkable impedance to the charge flow, resulting 

high impedance value that equaled to the sum of Rs + Rrec. Here the Rs could be 

considered as material impedance to the charge flow, while the Rrec could be 

considered as the depletion region impedance to the charge flow. 

 

Figure 2-16 The Si solar cell (a) total resistance changed with applied DC bias (b) Rs changed 

with applied DC bias. 60 

As the Rrec was the recombination resistance of the solar cell, in this case, the 

solar cell could be considered as a simple diode. Under 0 V DC bias, the built-in 

electric field originated from the p-n junction was stronger than that under forward 

bias. When the forward bias was added to the diode, the depletion region width 
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was getting narrower and the current running through the diode was getting higher. 

Since the series resistance Rs was kept constant, as a results, the Rrec was smaller. 

Thus, the change of Rrec was due to narrowing of electronic barriers within the p-n 

junction, which was considered universal in a p-n junction solar cell. 

Boix and co-workers conducted a detailed analysis of interface properties of 

organic-PV (OPV) devices by applying impedance spectroscopy (figure 2-17). 61 

They were focusing on the capacitance measurement for the heterojunction of the 

solar cell devices. Figure 2-17(a) showed that the capacitance varied with the 

changing frequency, indicating the response changing of the charge at the junction. 

The carrier density of the absorbers and the flat band potential of the devices were 

both extracted from the measured data using the Mott-Schottky equation:  

C−2 =
2(Vfb − Vappl)

A2qεε0N
 

where Vfb is the flat-band potential, Vappl is the applied bias, A corresponds to 

the cell area,  ε is the relative permittivity of the blend, ε0 represents the vacuum 

permittivity and N is the carrier density of blend. The Mott-Schottky relation was 

used to describe the interface/junction property involving charge separation and 

transportation. The junction of the solar cell could be considered a capacitor. By 

applying AC voltages with different frequencies, the material carrier concentration 

could be calculated out. The experiment helped to study the junction properties of 

the solar cells, such as the OPV device tested here. The Mott-Schottky relation plot 

was illustrated in figure 2-17(b), in which the reduction in forward bias (Vbias) was 
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used to extract the flat band potentials, and the declining slope indicated the 

carrier concentrations of the absorbers in the OPV device.  

 

Figure 2-17 The Si solar cell (a) capacitance spectra at 0 applied DC bias with different blend 

composition (b) Mott-Schottky relation derived from impedance spectra 

The research work based on impedance spectroscopy on CIGS and CdTe were 

focused on the design of equivalent circuit to match the device performance. 

However, the complexity of the circuit match did not present a clear understanding 

of the energetics of the solar cell. 63 The solar cell performance was not linked to 

the solar cell impedance analysis.  
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Chapter 3 Experimental 

This chapter focuses on the experimental details of CZTSSe absorber fabrication 

and solar cell characterization. In addition, photoluminescence and impedance 

spectroscopy are introduced and described, as both of these techniques were 

utilized to characterize the optical and electrical properties of the CZTSSe absorber.  

3.1 Kesterite Solar Cell Fabrication and Measurement 

3.1.1 Spray Pyrolysis of CZTS on Mo-Coated Glass 

Precursor solutions were prepared by dissolving copper chloride dihydrate 

CuCl2·2H2O (Sigma-Aldrich, ACS reagent, 2.8 mmol, 476 mg), zinc chloride ZnCl2 

(Sigma-Aldrich, ACS reagent, 19.5 mmol, 266 mg), tin chloride dihydrate SnCl2·2H2O 

(Sigma-Aldrich, reagent grade, 1.58 mmol, 356 mg) and thiourea (TU, Sigma-Aldrich, 

ACS reagent 28mmol 2.13g) into deionized water (150ml). The solution was 

adjusted to a PH of 2 by addition of HCl solution. The pH is equal to 2 with careful 

measurement by pH meter, which is calibrated under acidic standard solution 

before use. The error is within 0.1. The solution was stirred for 2 minutes before 

use. All the chemicals were purchased from Sigma Aldrich, without further 

purification.  

The spray pyrolysis setup is shown in figure 3-1. Nitrogen gas was used as 

carrier gas and controlled by a gas regulator. The airbrush was connected to 

precursor solution with plastic tube and the pressure for spraying was 4 bar. The 

spray rate was adjusted to 3ml/min, so the total spray time was 50 minutes. The 



32 

 

solution was sprayed onto Mo-coated glass substrate, which was pre-fabricated by 

sputtering Mo on soda lime glass. The substrate was preheated to 160°C, which 

was slowly increased to 280°C over a period of 5 minutes after initiation of the 

spraying. The substrate temperature was controlled by ceramic hot plate (Thermo 

scientific StirTrac) and surface temperature was calibrated with thermocouple. The 

distance between the nozzle and substrate was approximately 30 cm. After 

finishing the deposition, the samples were cooled in atmosphere and stored 

without further purification and cleaning. 

 

Figure 3-1 Setup of spray pyrolysis for CZTS film deposition 

3.1.2 High Temperature Selenization of CZTS Film to Form 

CZTSSe Absorber 

The CZTS films were subjected to high temperature selenization in tube furnace 

shown in figure 3-2. The temperatures for selenization were set to 500-540°C. Se 

pellets (30 mg, Sigma-Aldrich) were used as the Se source and quartz tube was used 
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to isolate the system from the atmosphere. The tube was pre-evacuated and 

refilled with Ar gas three times to ensure an inert gas protective environment. The 

quartz tube was sealed at one end and placed inside in a larger quartz tube, where 

the Ar gas flow was mainly through the larger tube. The gas flow inside the large 

tube was adjusted to 10 sccm to maintain the Ar environment. The ramping rate 

for selenization was 0.6°C/s. The post selenized film was furnace cooled to room 

temperature.  

 

Figure 3-2 Setup for high temperature selenization of CZTS to form highly crystalline CZTSSe 

3.1.3 Device Fabricated on Top of CZTSSe 

A 50 nm CdS layer was deposited on top of CZTSSe by chemical bath deposition 

(CBD). Cadmium acetate (Sigma-Aldrich, ACS reagent, 0.4 mmol, 92 mg) was added 

to 200 ml deionized water with stirring. Ammonium acetate (Sigma-Aldrich, 

BioUltra, 4 mmol, 308 mg) and thiourea (Sigma-Aldrich, ACS reagent 2mmol 152mg) 

were added sequentially to the solution. The solution was stirred for 3 minutes and 

ammonium solution (Sigma-Aldrich, BioUltra) was added dropwise to adjust the 

solution to a PH of 9. The CZTSSe film was then taken out from selenization furnace 

and transferred to the CBD solution within a time period of 2 minutes. The solution 
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was capped and merged into a water bath preheated to 80°C with continuous 

stirring. The deposition was carried out for 10 minutes, and then the film was taken 

out and washed immediately using cold DI water. The films were then blown with 

N2 gas and stored in a dry box. 

The CdS coated films were taken in to the sputtering machine for intrinsic ZnO 

(i-ZnO) and ZnO:Al (AZO) deposition. 50 nm i-ZnO and 400 nm AZO were coated on 

top of CdS by RF magnetron sputtering. Ni/Al was used as front electrode. 300 nm 

Ni and 400 nm Al were deposited by thermal evaporation.  

3.1.3 Solar Cell Measurement  

The solar cell was measured under 1.5 AM sunlight conditions using a San-EI 

Electric, XEC-301S solar simulator. A Keithey source meter (2612A) was used to 

program the measurement and calculate the power conversion efficiency. The light 

intensity was calibrated using a standard Si solar cell (Fraunhofer) to 100mW/cm2. 

The external quantum efficiency (EQE) was measured using a PVE300 Photovoltaic 

Devices Characterization System (Betham) with dual Xenon/quartz halogen light 

source, which was pre-calibrated using Si and Ge standard cells before 

measurement. The measurement conditions used were an interval of 5 nm and a 

scan rate of 5nm/s. The electrode area is 0.01cm2 while the active area is at 

0.12cm2. The cell area is measured by SEM. 

3.2 Characterization of CZTSSe Thin Film 
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The morphology of the CZTS and CZTSSe film was observed using a field 

emission scanning electron microscopy (JOEL, FE-SEM, JSM-7600). The 

composition of the films was monitored using an energy dispersive X-ray 

spectroscope (EDS, Oxford), equipped as part of the FE-SEM system. The 

crystallographic structure of the film was investigated by X-ray diffraction (XRD, 

Bruker-AXS D8) in thin film mode. The incident X-ray angle was 4°C with CuKα 

radiation (λ=0.1542 nm). Raman spectroscopy was conducted using a Raman 

microscope (WiTec Alpha 300) equipped with 100× microscope objective lenses 

(Nikon, Japan) and a piezo scanner. The laser used was 488 nm He-Ne laser 

(λ=488nm) (Coherent Inc., Santa Clara, CA) with a power density of 200 μW/cm2, 

and a 3 time scanning average mode.  

Micro-PL spectroscopy was carried out using continuous wave diode laser with 

532nm excitation wavelengths. By applying an objective lens (Nikon CFI60 Lu Plan 

Epi ELWD), the laser beam was focused on an area with less than a 10 µm diameter. 

The laser power was controlled in the range from 100 µW to 10 mW. For 

temperature-dependent PL, the sample was placed in a cryostat and the 

temperature control was achieved using liquid He or N2 ranging from 6-300K. All PL 

signals were collected by an InGaAs array detector (Princeton Instruments OMA V) 

attaching to a monochromator (Princeton Instruments Acton Series SP2300) 

equipped with a 150g/mm grating blazed at 500 nm (Princeton Instrument). 

Time resolved photoluminescence (TRPL) spectroscopy was used to measure 

the minority carrier lifetime in CZTSSe absorber. Picosecond pulsed diode laser 

with pulsed width of 68 ps (FWHM) was used as the power source. The laser 
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wavelength is 638 nm. Near infrared photomultiplier tube (NIR PMT) detector 

together with spectrometer were used to detect the signal. Time-correlated single 

photon counting (TCSPC) was used to analyze the fluorescence photon with a 

limiting differentiation time of 40 ps.  

3.3 Impedance Spectroscopy on Kesterite Solar Cell 

Devices 

Impedance spectroscopy was carried out on the prepared solar cells using an 

Autolab PGSTAT128N. The measurements were performed in dark conditions with 

a scanning intermittent DC potential varying from -0.75 V to 0.75 V at 0.05 V. The 

AC signal was fixed to 20 mV with frequency sweeping from 400 KHz to 10 Hz at 

each DC bias. The obtained Nyquist plot was fitted with an equivalent circuit, with 

data fitting achieved in the software Z-View.  
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Chapter 4 Solution Processable CZTSSe 

Absorber Development and Characterization 

In this chapter, the crystal structure and morphology of CZTS and CZTSSe films 

obtained from chemical spray pyrolysis and selenization are analyzed.  Secondary 

phases and elemental distribution are discussed in relation to obtaining high 

quality absorber films for light harvesting. The CZTSSe absorbers are used to 

fabricate solar cells and conduct further optical and electrical characterization. A 

comparative study of the performance of the fabricated solar cell under different 

conditions is described. A high power conversion efficiency was obtained and 

analyzed accordingly.  

4.1 Morphology Analysis and Phase Identification of 

CZTSSe Thin Film 

4.1.1 Investigate Acidic Effect on CZTS Morphology and 

Crystallinity Growth 

 In the initial stages of this work no aqueous-based chemical spray pyrolysis 

fabrication technique for device quality CZTSSe absorbers was available. In 

principle, this technique possesses a range of advantages such as residue free and 

scalable process, and the details of which were discussed in the introduction 

chapter. This technique had been successfully applied to fabricate CISSe absorbers 

where a 6% efficiency was achieved. 64 However, the problem encountered for 

CZTS spray pyrolysis was the solubility of Sn salts which allows the particles to be 
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dissolved in a precursor solution. A white precipitate was observed when SnCl2 was 

added to water. Therefore, it was difficult to deposit a uniform and compact thin 

film. Kumar and co-workers applied a spray pyrolysis technique to deposit CZTS 

thin film under various spraying conditions. 65 66 67 However, the uniformity of 

deposited film was not sufficient for further solar cell fabrication. In addition, no 

solar cell efficiency was reported by these researchers. In this work, this problem 

was addressed by the introduction of certain concentration of HCl into the Cu2+, 

Sn2+ and Zn2+ precursor solution, which enabled the precipitates to be dissolved. 

The precursor solution was transparent before spraying on the Mo-coated glass 

and the as-deposited films comparison was illustrated in the FE-SEM image shown 

in figure 4-1. Without HCl treatment, the precursor solution particles were 

imbedded in the as-deposited CZTS film with a diameter greater than 2 µm. From 

the cross-sectional view, it could also be observed that the surface was very rough 

with the particles protruding from the top of the film. This film quality is not 

suitable for fabricating thin film solar cell, as shunting effect is highly expected from 

the thinner part of the film. And the particles can also acting as shunting center for 

the whole device, as the EDS spectra revealed that the composition of the particle 

is Sn and Cu rich. However, as the HCl solution was added, no particles were 

observed from the top and cross-sectional view of the films. During the pyrolysis 

process, the temperature was more than 270°C, so that all the water and HCl were 

evaporated, and the thiourea was also decomposed at this temperature too. 68 

Thus, it led to CZTS film formation with near amorphous status. The film appeared 

very compact and uniform and was considered suitable for further device 

fabrication. In addition, the EDS spectra indicated elemental ratios of 
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Cu/(Zn+Sn)≈0.72 and Zn/Sn≈1.27 in average, which was also considered suitable 

for absorber fabrication.  

 

Figure 4-1 (a) Surface FE-SEM imaging of CZTS film without HCl precursor solution treatment 

(b) cross-section FE-SEM imaging of CZTS film without HCl precursor solution treatment (c) 

Surface FE-SEM imaging of CZTS film with HCl precursor solution treatment (d) cross-section FE-

SEM imaging of CZTS film with HCl precursor solution treatment 

After deposition, the CZTS film was selenized at 520°C under a selenium 

atmosphere with Ar protection. A highly crystalline CZTSSe film was observed from 

FE-SEM images (figure 4-2), with no pinholes or cracks observed in the film. Grain 

sizes up to 500 nm could be obtained with good adhesion to the Mo layer. As no 

organic solvent was used in the precursor solution, there was no traceable carbon 

layer formed at either the front or back surface of the CZTSSe film. The film 

composition detected by EDS was Cu/(Zn+Sn)≈0.75 and Zn/Sn≈1.15. Zn and Sn loss 

was observed during the selenization process, and was attributed to the elemental 
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sublimation phenomenon at high temperatures. 69 This ratio was considered to be 

in the functional range of device quality absorber. Therefore, the attained CZTSSe 

film was used for further analysis and solar cell fabrication. 

 

Figure 4-2 (a) FE-SEM top view of post-selenized CZTSSe (b) FE-SEM cross-sectional view of 

posted CZTSSe 

4.1.2 Phase Analysis and Elemental Distribution Discussion on 

CZTSSe Thin Film 

Phase analysis is critical for CZTSSe absorber fabrication, as any coexisting 

secondary phases would be detrimental for further solar cell performance. X-ray 

diffraction was firstly used to examine the crystal structure of as-deposited CZTS 

and post-selenized CZTSSe films. As shown in figure 4-3, the as-deposited CZTS XRD 

patterns showed nearly amorphous form with broad diffractions at 2θ=28.6°, 47.4°, 

56.2° and 58.7°. These diffractions corresponds to the (112), (220/024), (312/116) 

and (224) lattice planes, which match the XRD pattern for a kesterite-type structure.   

The diffraction at 2θ=40.5° corresponds to the Mo layer.  After high temperature 

selenization, the diffractions become sharper and more defined due to enhanced 

crystallization. The diffraction position to lower angle because of the replacement 



41 

 

of S (Ionic radius = 1.84Å) by Se (Ionic radius = 1.98 Å), indicating the larger unit cell 

for the latter. The diffractions from the (011), (110), (013) and (221) planes were 

also observed. This pattern gives robust confirmation of the desired kesterite-type 

phase. However, due to the possible secondary phases such as ZnS(Se) and CTS(Se), 

which display diffraction positions overlapping with those for a kesterite structure, 

further verification by Raman spectroscopy was also conducted.  

 

Figure 4-3 XRD curves of (a) as-deposited CZTS (b) XRD curves of post-selenized CZTSSe 

As shown in figure 4-4, an as-deposited CZTS film reveals an A1 mode shift at 

333 cm-1 which is consistent with the literature value. 14 After selenization, the 

bands shift at 173 cm-1, 195 cm-1 and 235 cm-1 were clearly observed that were 

corresponding to the A1 mode of CZTSe. The small band located at 328 cm-1 

indicated that a small amount of CZTS remained after selenization. The shift of CZTS 
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band from 333 cm-1 to 328 cm-1 was originated from the two-mode behavior of the 

lattice vibration. This phenomenon has also been observed from CISSe crystals. 70 

In these spectra, bands originating from secondary phases were not observed.  It 

was worth noting that the absence of ZnS and ZnSe peaks from the Raman spectra 

indicated a good formation of pure phase CZTSSe. Based on the first principle 

calculations, the kesterite structure possesses a much lower formation enthalpy 

than the other possible secondary phases.49, 71 In this work, as the film composition 

was Zn rich, Cu and Sn poor, the secondary phases apart from zinc chalcogenide 

did not co-exist in the final film after high temperature selenization. Therefore, it 

revealed the formation of pure phase CZTSSe within the Raman spectroscopy 

detection depth from the surface to the bulk of the film. This sample presented a 

Se-rich CZTSSe, which is considered as “control sample” for further study.  

 

Figure 4-4 Raman spectra of (a) as-deposited CZTS film (b) post-selenized CZTSSe 
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The CZTSSe film with thickness of 600 nm was also studied using secondary ion 

mass spectroscopy (SIMS) depth profile measurement (figure 4-5). The Cu, Sn and 

Se were distributing uniformly across the film, while the Zn and S signals increased 

towards the Mo back contact. This increment indicates the possibility of ZnS(Se) 

coexisting at the Mo/CZTSSe interface. This phenomenon has also been reported 

by other research groups. 72 It is believed the segregated phase at the back contact 

has no detrimental effect to the solar cell performance, and rather than acts as a 

dark region in the film. 73 In addition, no carbon signal was observed from the SIMS 

measurement even though thiourea was introduced as the sulfur source of CZTS. 

The metal-thiourea complexes evidently decomposed and evaporated at the spray 

temperature, leaving no carbon residue behind. Therefore, based on the absence 

of the carbon layer from the cross-section FE-SEM image and absence of EDS and 

SIMS carbon signals, it can be concluded that a carbon free absorber was attained 

with the spray pyrolysis technique used.  

 

Figure 4-5 SIMS depth profile on CZTSSe thin film grown on Mo-coated glass 
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4.2 Solar Cell Performance (J-V and EQE) Discussion 

with Different Se Concentration in CZTSSe  

Using the control samples, typical thin film solar cells were fabricated with the 

architecture of glass/Mo/CZTSSe/CdS/i-ZnO/AZO/Al, using the procedure 

described the in the experimental section. The cross-sectional FE-SEM image is 

shown in figure 4-6, and indicates the thickness of the CZTSSe absorber is 

approximately 600 nm. 

 

Figure 4-6 Cross-section FESEM image of total device with layers labeled 

The J-V measurement under one sun AM 1.5 illumination generated a 5.1% PCE 

with Voc = 370 mV, Jsc = 27.3 mA/cm2 and FF = 50.6% (figure 4-8). The low Voc value 

is primarily attributed to the Se-rich CZTSSe absorber, which was characterized by 

XRD and Raman spectroscopy. To further control the band gap of the absorber, 

experimental procedures were performed with reduced Se concentrations in the 

selenization process.  Raman spectroscopy was used to evaluate the Se 
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concentration inside the low-Se-content CZTSSe absorber by direct viewing the A1 

mode peaks shift. Illustrated in figure 4-7, two broad bands were observed with 

Raman shift at 212 cm-1 and 329 cm-1.  Comparing the Raman spectrum from the 

control sample in figure 4-7, no clear CZTSe peaks are observed and band position 

shifts to 212 cm-1, presumably due to the influence of the decreased Se 

concentration. This bi-model shift indicates a higher S/Se ratio for the low-Se-

content sample compared to that for the control sample. As a result, a similar solar 

cell PCE was attained from the low-Se-content sample with higher Voc = 426 mV 

and lower Jsc = 24.42 mA/cm2, compared to the control device, with the FF 

remaining 50%. The J-V plot is illustrated in figure 4-8 with the major parameters 

displayed in the inset.  

 

Figure 4-7 Raman spectrum of low-Se-content CZTSSe 
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Figure 4-8 light J-V curves of control device and low-Se-content device 

These two cells were taken to the external quantum efficiency (EQE) 

measurements shown in figure 4-9. The plots clearly show the different 

absorptions ending at a longer wavelength range. The band gaps Eg were calculated 

by plotting [Eln(1-EQE)]2 versus E. The control sample cell had Eg=1.07 eV while the 

low-Se-content cell had Eg=1.21 eV. As stated in the literature review, pure CZTS 

had Eg≈1.5 eV and pure CZTSe had Eg≈1.0 eV. Linear relation of S/Se content 

corresponding to Eg was observed in CZTSSe. 40 Therefore, as expected, the band 

gap values calculated from EQE plot are consistent to the Se concentration in each 

CZTSSe absorber. The short circuit current was also calculated by integrating the 

current from the EQE spectra. The calculated Jsc was 25.81 mA/cm2 and 23.67 

mA/cm2 for the control device and the low-Se-content device, which were a little 

smaller than the Jsc at the one sun AM1.5 condition. It indicated that the device 

yielded less under low irradiance. The corrected efficiencies based on the 

integrated Jsc were 4.89% and 5.05% respectively. 
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Figure 4-9 (a) EQE plot of control cell and low-Se-content cell. (b) Band gap plots of both 

solar cells. 

It is worth mentioning that the optimized thickness for CZTSSe absorber was 

approximated 2 µm and so far, the highest kesterite solar cell efficiency reported 

possessed a higher temperature up to 540°C for the selenization process. 

Therefore, further efficiency improvement was attempted by adjusting the CZTSSe 

absorber thickness and selenization temperature, with the other process 

parameters unchanged.  

The absorber thickness was firstly enlarged to 900 nm with the selenization 

temperature kept constant at 520°C. The selenium amount used was varied from 

30mg to 50mg, aiming to deliver different Se concentrations to the CZTSSe 

absorbers while the other parameters remained the same. Figure 4-10 shows the 

solar cells based on these CZTSSe absorbers delivered a very similar PCE around 

5.9% with Voc in the range of 387-406 mV, Jsc in the range of 28.5-25.3 mA/cm2 and 

FF in the range of 55-60%. As expected, the Se concentration in the CZTSSe 
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absorber had great effect on the Voc and Jsc of the solar cells, due to its influence 

on band gap tuning of CZTSSe. Surprisingly, all the light J-V plots crossed the 

identical maximum efficiency point at Vmp = 280 mV and Jmp = 21.1 mA/cm2. This 

phenomenon indicates the tradeoff effect of the voltage and current in the solar 

cells by introducing different Se concentration. In this case, it is considered that the 

band gap of CZTSSe was not the primary factor influencing the conversion 

efficiency for our devices. Therefore, to further improve the solar cell performance, 

the absorber layer thickness was increased beyond 1µm.  The thicker absorber is 

believed to suppress the shunting behavior of the solar cell while optimizing the 

current generation.  

 

Figure 4-10 Light J-V plot of solar cells with varying Se concentration in the absorbers, the 

amount indicted in the figure referred to the adding amount of Se pellets during selenization. 

However, further increases of the absorber thickness to 1.3 µm did not produce 

large grain size in the film with the selenization temperature remaining at 520°C. 
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Small grains were observed with diameters less than 300 nm. Consequently, the 

PCE dropped to the level of 4-5%. This detrimental result can be attributed to the 

high series resistance of the small grains that consumed the light current and 

limited the FF. The recombination occurring at the grain boundary suppressed the 

voltage. Therefore, the selenization temperature was further adjusted to 540°C to 

pursue a better crystallinity of CZTSSe absorber. 

So far, the highest PCE of 7.5% was obtained with absorber thickness at 1.3 µm 

and selenization temperature of 540°C. The cross-sectional SEM image shown in 

figure 4-11(a) reveals large grains size above 1 µm existing in the film. The solar cell 

performance is shown in figure 4-11(b) with Voc = 427 mV, Jsc = 28.7 mA/cm2 and 

FF = 61%. The band gap calculated from EQE in figure 4-12 is 1.16 eV. The Jsc 

calculated from integrating EQE current was 28.1 mA/cm2, leading to a drop of the 

efficiency to 7.35% of the solar cell.  

Compared to the previous solar cells, the Voc and FF improve significantly. This 

can be attributed to the high crystallinity of the CZTSSe absorber. Furthermore, the 

optical and electronic origins of this improvement will be discussed later in 

chapters 5 and 6.  
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Figure 4-11 (a) cross-section image of champion device absorber (b) J-V curve of champion 

device with major parameters inset 

 

Figure 4-12 EQE curve of champion device with 7.5% efficiency (band gap calculation inset) 
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Apart from CdS, alternative buffer layers such as Zn(O,S) and Zn-Sn-O have also 

been applied to CZTSSe solar cell, with the aim of avoiding the toxicity of Cd. The 

Zn(O,S) buffer layer was deposited by chemical bath deposition (CBD) method and 

the Zn-Sn-O buffer layer was deposited by atomic layer deposition (ALD), with the 

Zn/Sn ratio at 4:1 for 80 nm thickness. This ratio selected was based literature 

report of CIGSe solar cells,74-75 which was considered suitable for primary trial on 

CZTSSe solar cells.  

The solar cell light J-V performances are plotted in figure 4-13 for both Zn based 

buffer layers and CdS buffer layer as reference. The Zn(O,S) buffer layer provided a 

very low conversion efficiency of 0.05%. Similar phenomenon was also been 

observed by Barkhouse and co-worker, and was attributed to the high conduction 

band offset (CBO) of CZTSSe/Zn(S,O) band alignment.16 No depletion region was 

formed at the interface of CZTSSe/Zn(S,O), indicating a lack of band bending. Thus, 

the excited carriers are not able to drift into the n-type layer, so that the Jsc is 

extremely small and the diode behavior is not robust.  

Compared to the CdS buffer layer, the Zn-Sn-O buffer layer displays a promising 

result in light conditions. The Voc and FF values are slightly lower than that of CdS 

buffer layer, indicating the recombination conditions are similar for both solar cell 

devices. The main drawback for Zn-Sn-O buffer layer is the reduction in Jsc, which 

is 20% lower in comparison to that of CdS buffer layer cell. This is considered as a 

consequence of the high series resistance from the Zn-Sn-O layer. The Rs calculated 

for Zn-Sn-O buffer layer device was 80 ohm, while only 50 ohm was obtained from 
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the CdS reference cell.  Further optimization can be applied on thinner the Zn-Sn-

O buffer layer with varying the Zn/Sn ratio. 

 

Figure 4-13 Light J-V plots of Zn(O,S) and Zn-Sn-O buffer layer solar cells with CdS as 

reference 

4.3 Summary  

The control sample was imaged by FE-SEM and presented a uniform and 

compact film for potential solar cell fabrication. A highly crystalline CZTSSe film was 

obtained after high temperature selenization. The Cu/(Zn+Sn)≈0.75 and 

Zn/Sn≈1.15 was detected from EDS on the CZTSSe film, which is a sufficient ratio 

for a functional absorber.  XRD and Raman spectroscopy was used to confirm the 

presence of single phase CZTSSe from the surface to the bulk after the selenization 

step. SIMS depth profiling indicated a uniform distribution of Cu, Sn and Se 

elements and a slightly increasing distribution for Zn and S towards the Mo back 
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contact. This feature implies the possibility of ZnS(Se) coexisting at the CZTSSe/Mo 

interface. In addition, no traceable carbon was observed in the CZTSSe film using 

the deposition technique described.  

These features allowed a functional absorber for the solar cell to be fabricated. 

Based on the control CZTSSe film, a PCE=5.1% solar cell was obtained. In addition, 

by varying the Se amount in the selenization process, a low-Se-content absorber 

could also achieved 5% efficiency. Furthermore, the PCE was improved by 

optimizing the fabrication conditions where a 7.5% efficiency was achieved. To our 

best knowledge, this is the highest efficiency of kesterite solar cell fabricated by 

aqueous solution technique. For all solar cell presented in the thesis, the 

efficiencies rang was from 5.1% to 7.5 %.  
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Chapter 5 Investigation of Carrier 

Recombination Mechanism in CZTSSe 

Absorber 

This chapter focuses on the investigation of the carrier recombination 

mechanism for a device quality CZTSSe absorber. Through the temperature and 

power dependent PL spectroscopy, the carrier transition behavior is analyzed and 

it is concluded as donor-accepter pairs (DAPs) transition.  The non-radiative 

recombination of carriers is analyzed from the temperature quenching effect on 

the PL spectra. A comparative study on the selenization temperature effect is also 

presented and analyzed from the perspectives of thermal activation energy of non-

radiative recombination and defects contribution.  The analysis reveals a 

suppressed effect on the non-radiative recombination from high temperature 

selenization process. Highly compensated defects complexes are illustrated as the 

origin of the DAPs carrier transition from the refined power dependent PL 

spectroscopy.  

Photoluminescence (PL) spectroscopy is considered a powerful tool to 

investigate the carrier properties of a semiconductor. The minority carriers 

generated from the laser illumination are relaxed from the excited energy level to 

lower energy level through different types of recombination processes. The 

radiative recombination emits light with a certain wavelength corresponding to the 

transition condition of the carrier and the emission is collected by photon detector. 

With control of the temperature and laser power, the PL spectra can indicate the 
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carrier recombination type. The radiative and non-radiative recombination can also 

be analyzed from the temperature quenching effect of the PL intensity.  

5.1 Analyzing Carrier Transition and Temperature 

Quenching Effect by PL Spectroscopy 

The PL spectroscopy was conducted on CZTSSe-5 absorber, which was the 

control sample described in chapter 4. The film composition was Se-rich with a 

band gap of 1.07 eV, determined from the EQE spectrum. Temperature dependent 

PL spectroscopy was conducted by controlling the temperature within the range 

6.5 K to 120 K (figure 5-1) and by using a Helium cryostat as the cooling liquid.  

 

Figure 5-1 (a) spectra of temperature dependent photoluminescence on CZTSSe-5 film (b) 

temperature quenching effect fitting with two non-radiative recombination parameters 
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The photoluminescence are originated from the radiative recombination of 

carriers. Herein, the luminescence peaks were analyzed to reveal the radiative 

recombination type and temperature quenching effect. Three types of radiative 

recombination, (i) band-to-band transition, (ii) free-to-bound transition and (iii) 

donor-acceptor pairs (DAPs) transition, were taken into consideration. The energy 

diagram was drawn as in figure 5-2 below. The band-to-band transition referred 

the recombination of the carriers from conduction band directly to valence band. 

The free-to-bound transition referred to the transition involved both defect and 

band in the recombination. The donor-acceptor pairs (DAPs) transition occurred 

when only defects involved in the radiative recombination.  

 

Figure 5-2 radiative recombination transition types, (a) band-to-band transition (b) free-to-

band transition (c) donor-acceptor pairs (DAPs) transition 

The spectra showed no substantial peaks shifting and peaks shape changing 

with respect to the temperature changing. This phenomenon revealed that the 

type of radiative recombination was consistent within the temperature range 

studied. Single type of radiative recombination mechanism was presented in this 
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measurement. The luminescence peak energy centered at 0.97 eV was lower than 

the band gap value derived from the EQE calculation, which eliminated the 

possibility of band-to-band transition type at the recombination.  

Further analysis also rules out the free-to-bound transition type. For this type 

of transition, either VB or CB is involved in the recombination so that the 

luminescence peak energy should be correlated to the temperature based on the 

equation such that 38  

ℎ𝜈 = 𝐸𝑔 − 𝐸𝐷/𝐴 + 𝑛𝑢𝑘𝐵𝑇      (5.1) 

where Eg is the band gap, ED and EA are the donor and acceptor ionization 

energies and nu is constant. The principle of this equation could be interpreted as 

the optical energy emission obtaining from the excited carrier recombination.  The 

assumption to this equation was that the excited carrier recombination through a 

donor or acceptor level rather than direct recombination from conduction band to 

valence band. The carrier was bound to the defects level before an optical wave 

emitted from the material. The 𝑛𝑢𝑘𝐵𝑇  in the equation referred to the thermal 

energy added up from the conduction/valence bands. For example, in higher 

temperature the emission could come from a slightly higher state in conduction 

band recombining to an acceptor defect. For the free-to-bound transition, 

temperature increment should lead to the blue-shift of the luminescence peak 

positions. As no peak blue-shift was observed in the spectra, it indicates neither 

the CB nor the VB are involved in the recombination process. Therefore, DAPs 

transition is confirmed to be responsible for the luminescence from the sample. 

The DAPs transition can be attributed to the intrinsic properties of CZTSSe since 
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the CZTSSe is considered as a heavily doped and highly compensated p-type 

semiconductor. 

Furthermore, a large temperature quenching effect was also observed, 

whereby the luminescence intensity dropped significantly with a corresponding 

increase in temperature. This phenomenon can be explained by the thermal 

activation of non-radiative recombination where no light is emitted during the non-

radiative recombination. For a detailed analysis at T < 41 K, the luminescence 

intensity does not reduce significantly with increasing temperature, while at T ≥ 

41K it shows an extensive drop till T=120 K. This quenching process reveals two 

non-radiative recombination channels being activated during the increase of 

temperature, leading to the carrier recombining in a non-radiative way. Thus, two 

thermal activation energies E1 and E2, can be extracted by fitting the spectra curves 

with following equation 76:  

𝐼(𝑇) = 𝐼0 (1 + 𝑎1𝑒
−

𝐸1
𝑘𝑏𝑇 + 𝑎2𝑒

−
𝐸2

𝑘𝑏𝑇)

−1

      (5.2)                

where I0  is the PL intensity extrapolated at T=0K. The a1 and a2 are the 

coefficients that indicate the degeneracy level of the non-radiative recombination 

pathways. The fitting shown in figure 5-1(b) reveals E1 = 29.6±3.7 meV and E2 = 

6±0.6 meV with a1 in two order magnitudes larger than a2. These values indicate 

that at very low temperature of T < 41 K, only one non-radiative recombination 

channel is activated corresponding to a small activation energy of E2. Since the 

degeneracy factor a2 is very small, the temperature quenching effect is not 

significant. However, when the temperature rises beyond 41 K, channel E1 starts 



59 

 

contributing significantly, resulting in a remarkable drop of luminescence intensity. 

The mechanism behind the remarkable non-radiative recombination can be 

understood as the thermal activation of intrinsic deep defects inside CZTSSe which 

could originate from non-stoichiometric composition or an insufficient high 

temperature selenization process. 51 77  

 

Figure 5-3 (a) spectra of power dependent photoluminescence on CZTSSe-5 film (b) power 

law fitting of the luminescence intensity versus laser power with a coefficient of 0.93±0.013 

Figure 5-2(a) shows the power dependent PL spectra measured at T=6.5 K from 

laser power of 50 µW to 600 µW. As expected, a clear luminescence intensity 
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increment is observed with increasing laser power. The relationship can be fitted 

with the following power law 37: 

𝐼 ∝ 𝑃𝑘      (5.3)                         

where P is the laser power and I is the luminescence intensity and k is the 

coefficient. The calculated k ≥ 1 indicates the radiative recombination is excitonic, 

meaning the band-to-band transition is obtained; while k < 1 indicates the 

recombination involves defects. The principle behind the equation is derived from 

derivation of near-band-edge photoluminescence. More excited carriers would be 

generated from the valence band to conduction band as the injected power 

increased.  As the P was large than the band gap and is varying no more than two 

order of magnitude, the k value indicates the recombination mechanism by 

comparing its value to 1, meaning to evaluate the proportional increment of 

emission to the excitation of the carriers.  

The fitting shown in figure 5-2(b) attains a k value of 0.93±0.013, suggesting the 

donor or acceptor defects are involved in the recombination process. Further 

observation finds that the small blue-shift of peaks is observed when the power 

enhances. This phenomenon represents the feature of the DAPs transition type of 

carriers based on the equation that: 

ℎ𝜈 = 𝐸𝑔 − (𝐸𝐷 + 𝐸𝐴) +
𝑒2

4𝜋𝑟𝜀0𝜀𝑟
     (5.4)           

where Eg is the band gap, ED and EA are the donor and acceptor ionization energies, 

r is the distance between the donor and acceptor, 𝜀0 is the permittivity of vacuum 
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and 𝜀 is the relative permittivity. The last term expresses the Coulombic interaction 

between the donors and acceptors. As the laser power increases, the donor-

acceptor pairs with smaller r value are also excited and contribute to the 

recombination spectra, which lead to a blue-shift of the peaks. This observation 

further verifies the aforementioned DAPs transition suggested by the temperature 

dependent PL spectra.  

Based on the observation analysis above, the defects inside the film play a 

detrimental role to the minority carriers. The lifetime of the minority carrier and 

carrier transportation in the film are limited by the large quenching effect from the 

defects. Besides, the non-radiative recombination is significant inside film which 

suppresses the Voc. Secondary electron activation from the luminescence cannot 

be expected due to the lower energy of the luminescence compared to the band 

gap of the absorber. Therefore, to further improve the CZTSSe absorber quality, 

the defects quenching effect should be minimized.  

5.2 Selenization Temperature Effect on Non-radiative 

Recombination Channels 

Compared to the control sample described above, the CZTSSe-7 absorber was 

selenized at a higher temperature of 540°C, resulting in the highest 7.5% efficiency 

solar cell.  A band gap of 1.16 eV was calculated from EQE curves and the same 

procedures for the PL spectroscopy measurements were used for the temperature 

dependent and power dependent measurements. The cryostat was cooled by 
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liquid N2, with a minimum temperature of 77K, which was then ramped up to 180K 

for the measurement.  

 

Figure 5-4 (a) spectra of temperature dependent photoluminescence on CZTSSe-7 film (b) 

temperature quenching effect fitting with one non-radiative recombination parameter 

As shown in figure 5-3, the PL spectrum shows a clear temperature quenching 

effect as expected. The peak energy is lower than the band gap and no change in 

position is observed along with increasing temperature. Therefore, based on the 

conclusions discussed in previous experiment, the recombination can be identified 

as a DAPs transition type. It is worth noting that multiple peaks are observed in the 

spectra and peak shapes change with increasing temperature. This phenomenon 
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will be discussed in the following section with comparison to the PL spectra of 

CZTSSe-5 control absorber.    

To calculate the thermal activation energy of the non-radiative recombination, 

the integrated peak intensity of all peaks measured from 77 K to 140 K was used to 

fit with equation as following: 

𝐼(𝑇) = 𝐼0 (1 + 𝑎𝑒
−

𝐸
𝑘𝑏𝑇)

−1

      (5.5)     

Since no clear separation of temperature quenching effect from the spectra is 

observed in the measurement temperature range, only one major channel of non-

radiative recombination is presented with a thermal activation energy of E= 

59.5±4.1 meV.  

The power dependent PL spectroscopy was also conducted with a laser power 

ranging from 1 mW to 10 mW at 77 K (figure 5-4). The power law fitting using 

equation (5.3) indicated a k value of 0.74±0.02, which is much less than 1, and 

indicates a restricted bound effect of the carriers in the defects.  The phenomenon 

of the change in the peak shape with increasing temperature is discussed further 

in the following section.  
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Figure 5-5 (a) spectra of power dependent photoluminescence on CZTSSe-7 film (b) power 

law fitting of the luminescence intensity versus laser power with a coefficient of 0.74±0.02 

5.3 Comparison Analysis on Recombination Behavior in 

CZTSSe  

5.3.1 Phonon Assisted DAPs Transition Analysis from PL 

Spectra 

As described in section 5.2, the temperature dependent PL and power 

dependent PL spectra of both CZTSSe-5 and CZTSSe-7 absorber were analyzed to 

describe the recombination conditions and non-radiative quenching effect within 

the film. It is worth noticing that the PL spectra for CZTSSe-7 presented four 
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separated peaks merging together. The separation of the peaks becomes more 

enhanced as the temperature was reduced. However, this phenomenon is not 

observed in the PL spectra of CZTSSe-5 even though the measuring temperature 

was reduced to 6.5K. Thus, the analysis of the origin of these peaks can provide 

further information regarding to the electronic properties of the film.  

The four peaks are centered at 1.07 eV, 1.04 eV, 1.01 eV and 0.98 eV 

respectively. Surprisingly, from a detailed observation, the separation energy of 

each two neighboring peaks equals to ΔE = 0.029 eV. The peaks separation is 

enhancing as temperature is reduced and this phenomenon can be explained by 

attributing to the longitudinal optical (LO) mode phonon coupling effect.  Similar 

peaks pattern has been reported for other semiconductors such as ZnO and SnO2, 

which clearly indicate the multiple LO-phonon coupling of the luminescence from 

the spectra. 78 79 CZTSe PL spectra with longitudinal optical (LO) phonon coupling 

had also been reported to accompany a DAPs type recombination.80 

In order to confirm the validity of the explanation, phonon energy calculation 

based on LO mode vibration was carried out. From the Raman spectra shown in 

figure 5-5, two A1 mode vibrations at 204 cm-1 and 327 cm-1 are identified and 

correspond to the CZTSe and CZTS with two-model behavior shifts. Based on the 

theoretical calculation for kesterite material, the peak at 237 cm-1 is identified as 

the B(LO) mode as discussed in the literatures. 81 82 83 The energy shift correlated 

to this peak is 0.028 eV which is very close to the ΔE = 0.029 eV observed from the 

PL spectra. Therefore, the consistency of the Raman spectra and PL spectra, add 

further confirmation of the suggested the luminescence mechanism.  
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Figure 5-6 Raman spectra of CZTSSe-7 with indicating the vibration mode 

In addition, as the temperature was reduced, the peaks with higher energy in 

the temperature dependent PL spectra rise up more rapidly than the lower energy 

peaks. The same peak changing pattern is also observed from power dependent PL 

spectra with the excitation power increased. The sharing effect for lowering 

temperature and increasing power is due to the boosting of the radiative 

recombination, which results in a higher luminescence intensity. As a consequence, 

the LO-phonon coupling becomes insufficient to maintain a correlation with the 

large change in temperature or laser power.  

Based on this explanation, a further reduction in power intensity should 

eventually result in sufficient LO-phonon coupling for the excited carriers, which 

subsequently produce a major peak centered at 0.98 eV. Therefore, another series 

of power dependent PL was carried out with laser power refined in the range 100 

µW to 1000 µW.  
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Figure 5-7 Power dependent PL on CZTSSe-7 with power range from 100 µW to 1 mW  

As shown in figure 5-6, the high energy luminescence peak gradually disappears 

when the laser power is reduced. The peaks merge towards lower energy and 

eventually combine to give a broad peak centered at 0.98 eV at 100 µW laser 

intensity. This observation adds further verification to the suggested phonon 

assisted DAPs transition mechanism.  

5.3.2 Luminescence Energy Discussion and its Relation to the 

Voc of the Solar Cell 

 

Figure 5-8 Power law fitting in the range of 0.1-1 mW with coefficient value k=0.97±0.04 
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The power law fitting were also applied to the laser power range from 100 µW 

to 1 mW, shown in figure 5-7. The coefficient k value was calculated to be 0.97±0.04. 

Comparing to the k value of 0.74 for high laser intensity from 1 mW to 10 mW, it 

shows that the transition occurring under lower laser intensity behaves as nearly 

excitonic, which means that the recombination is like a “band to band” transition 

type. As it has been verified that the recombination is DAPs type in the film, this 

calculation reveals the defects density of states in the material. Under a low laser 

power excitation, the generated carrier is in small amount. The defects states are 

highly-compensated and heavily doped defects, where most of the excited carriers 

are held under low incident light irradiance. Therefore, they are considered 

sufficient to contain the excess carriers, which behave like a “mid-gap states” 

within the forbidden energy band of the semiconductor (figure 5-8). The 

recombination behaves in an excitonic manner. However, as the laser power 

increases, the excess carriers overwhelm the defects states, so that the 

recombination behaves as DAPs transition.  

 

Figure 5-9 Illustration of “mid-gap states” inside the forbidden band of semiconductor 
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Comparing the spectra of CZTSSe-7 to CZTSSe-5, the multi-peaks pattern 

originating from the LO-phonon coupling indicated a better crystallization of the 

film. 78 It can be attributed to the higher selenization temperature (540°C for 

CZTSSe-7 and 520°C for CZTSSe-5). As the ramping rate for the selenization process 

is consistent, the time for the film experiencing high temperature through the 

whole process is longer for CZTSSe-7 than that of CZTSSe-5. Thus, both factors are 

considered to contribute to the high crystallinity of the film.  

To find the relationship between the open circuit voltages, photoluminescence 

peak energy and band gaps of the CZTSSe-5 and CZTSSe-7, figure 5-10 indicated the 

respective values from the aforementioned data, as shown below. The band gap 

difference between CZTSSe-5 and CZTSSe-7 was very close to the PL peak energy. 

As donor-acceptor pairs transition was revealed to be the radiative recombination 

type for the carriers, this similarity indicated a consistent transition mechanism was 

involved in both cells. Consequentially, the Voc of the CZTSSe-7 is higher than 

CZTSSe-5. Even the Voc deficit is higher for CZTSSe-7 (0.643V) than that of CZTSSe-

5 (0.6), the overall performance of CZTSSe-7 is better.  

 

Figure 5-10 value of Voc, PL peak energy and band gap of both CZTSSe-5 and CZTSSe-7 device 
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5.3.3 Comparison Study on Thermal Activation Energy of Non-

radiative Recombination 

The temperature quenching effect for CZTSSe-7 is less noticeable than that of 

CZTSSe-5 (Figure 5-3). It indicates a less non-radiative recombination occurring 

when the photon is injected. The thermal activation energies of non-radiative 

recombination were calculated for both CZTSSe-7 and CZTSSe-5 absorber. The 

value for CZTSSe-7 (59.5 meV) is much higher than that of CZTSSe-5 (29.6 meV), 

revealing a less favorable thermal activation of the non-radiative recombination for 

CZTSSe-7.  

5.4 Minority Carrier Lifetime Study by TRPL on CZTSSe-

7 Absorber 

The minority carrier lifetime has an essential relationship with the solar cell 

performance. The minority carrier lifetime describes the carrier recombination 

conditions in semiconductor materials. The longer the minority carrier lifetime, the 

lower of reversed saturated current can be achieved based on the diode equation 

(5.6), such that 

𝐼0 = 𝑒𝐴 (√
𝐷𝑃

𝐼𝑃

𝑛𝑖
2

𝑁𝐷
+ √

𝐷𝑁

𝐼𝑁

𝑛𝑖
2

𝑁𝐴
)     (5.6)       

where 𝐼0 is the reversed saturated current of diode, A is the cross sectional area, 

𝐷𝑃 and 𝐷𝑁 are the diffusion coefficients of holes and electrons respectively, 𝐼𝑃 and 

𝐼𝐷 represent the carrier lifetime of holes and electrons in n-type and p-type 

semiconductors. The longer the minority carriers can coexist with majority carriers, 
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the less pronounced recombination is expected. The reversed saturated current 

𝐼0 reflects the diode “leakage” capability, which has an inverse relationship with 

the Voc of the solar cell devices as shown in the equation (5.7), where 𝐽𝐿 is the light 

generating current.  Thus, the minority carrier lifetime is crucial for obtaining a high 

Voc in a solar cell.  

𝑉𝑜𝑐 =
𝑛𝑘𝑇

𝑞
ln (1 +

𝐽𝐿

𝐽0
)      (5.7)          

In the experiment of time resolved photoluminescence (TRPL) spectroscopy, 

the PL decay time reflects the competition between radiative recombination and 

non-radiative recombination as shown in equation (5.8) 

1

𝜏𝑃𝐿
=

1

𝜏𝑟𝑎𝑑
+

1

𝜏𝑛𝑜𝑛
      (5.8)        

where 𝜏𝑃𝐿 represents the PL decay time, 𝜏𝑟𝑎𝑑 and 𝜏𝑛𝑜𝑛 represent the radiative and 

non-radiative lifetime of minority carriers.77 The PL decay time 𝜏𝑃𝐿 is predominated 

by the smaller value between 𝜏𝑟𝑎𝑑  and 𝜏𝑛𝑜𝑛 . Therefore, both time values are 

expected to be high in order to achieve a long minority carrier lifetime. 

In this work, TRPL spectroscopy was conducted on CZTSSe-7 absorber with 

different excitation laser powers. The spectra are shown in figure 5-9, and fitted 

with the following single exponential function 

𝐼𝑃𝐿(𝑡) = 𝐶𝑒−𝑡/𝜏      (5.9)       
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where C is the coefficient and 𝜏 is the decay time describing the minority carrier 

lifetime. The PL decay time was calculated to be less than 2 ns, which indicated a 

very short lifetime of the minority carriers. 

As stated in the previous sections in this chapter, severe non-radiative 

quenching effect was observed from the temperature dependent PL spectra, 

meaning that the non-radiative recombination was becoming more influential as 

the temperature increased. In other words, this phenomenon can be explained by 

the reduction of the luminescence efficiency as the temperature increased.77 The 

luminescence efficiency ρ is determined by the radiative and non-radiative lifetime 

of carrier recombination, such that 

𝑝 =
𝜏𝑃𝐿

𝜏𝑟𝑎𝑑
=

1

1+
𝜏𝑟𝑎𝑑

𝜏𝑛𝑜𝑛
⁄

      (5.10)        

As the carrier lifetime of non-radiative recombination becomes shorter at 

higher temperature, based on equation (5.10), the luminescence efficiency drops 

significantly. This is consistent with the observation from temperature dependent 

PL spectra. Therefore, it is believed that the non-radiative recombination was the 

main factor that led to the short minority carrier lifetime.  

 From the spectra shown in figure 5-10, it can be seen clearly that as the laser 

power increases, the PL decay time gets smaller (as indicated by the arrow in figure 

5-10). The fitting parameters shown in table 1 confirm this observation.  
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Figure 5-11 a) spectra of TRPL on CZTSSe-7 absorber with different power intensity (b) fitting 

results of minority carrier lifetime 𝜏 

Table 1 TRPL fitting results with different laser power 

Laser power 0.2 mW 0.5 mW 1 mW 1.5 mW 

Decay time 𝜏 (ns) 1.45 1.15 1.04 0.86 

coefficient 6640 8058 9112 9148 

The reason for the minority carrier lifetime changing with respect to the power 

intensity is the excess carrier concentration. The TRPL is based on the 

recombination of excitation carriers over certain period of time. The radiative 

recombination rate has confirmed relationship with the excess carrier density and 

the equilibrium carrier concentration. 84 In a p-type semiconductor, the relation is 

simplified as in following equation 

𝑅𝑟𝑎𝑑(𝑡) = 𝐵 ∫[𝑝0(𝑟, 𝑡)∆𝑛(𝑟, 𝑡) + ∆𝑝(𝑟, 𝑡)∆𝑛(𝑟, 𝑡)]𝑑3𝑟      (5.11)       

where 𝑅𝑟𝑎𝑑 is the radiative recombination rate, B is the radiative coefficient, 

𝑝0is the equilibrium hole concentration, ∆𝑛 and ∆𝑝 are the excess electrons and 

holes density. 84 The excess electrons and holes originate from the light injection 
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from the laser. Therefore, under low-injection conditions, ∆𝑝 and ∆𝑛 are small in 

comparison to  𝑝0  . The first term dominates the radiative recombination rate, 

resulting in a long PL decay time. On the other hand, under high-injection 

conditions, ∆𝑝  and ∆𝑛  are very large, so that the second term ∆𝑝(𝑟, 𝑡)∆𝑛(𝑟, 𝑡) 

contributes significantly to the  𝑅𝑟𝑎𝑑 , and a fast decay is observed.  

These results are consistent with the observation on CIGSe absorbers. 85 84 A 

future study could focus on the quantitative analysis of the minority carrier lifetime 

for kesterite absorber under different radiative condition, and its relation to the 

Voc of the solar cell. Lasers with different wavelength are also believed to have 

effect on the minority carrier lifetime as the momentum of the excited carriers 

change accordingly. Therefore, laser sources with different wavelengths are 

recommended for a more detailed study on the minority carrier lifetimes.  

5.5 Summary 

By analyzing the PL spectra from temperature dependent and power 

dependent measurements, the DAPs transition is confirmed as the main 

recombination mechanism in the CZTSSe film. The DAPs transition gives a lower 

recombination energy than the absorber band gap that can eventually compromise 

the Voc obtained from the solar cell.  

The temperature quenching effect reflects a significant non-radiative 

quenching of the minority carriers in the CZTSSe absorber. In this case, the minority 

carrier lifetime is believed to be shortened, so that the Voc of the solar cell reduces. 

The thermal activation energies have been calculated for both absorbers and 
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indicate that by applying higher selenization temperature, the quenching effect can 

be reduced. In addition, the power dependent PL spectra indicate a “mid-gap states” 

existing inside the forbidden energy band, which are due to the defects complexes 

in the CZTSSe as a heavily doped and highly compensated semiconductor. This 

“mid-gap states” is considered to contribute to the Voc deficit of the solar cell.  

The minority carrier separation and collection are critical for the performance 

of the solar cell. The PL spectroscopy illustrates a feasible way to analyze the quality 

of the absorber in terms of the minority carrier behavior.  
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Chapter 6 Energetics Study and Discussion on 

the Voc of CZTSSe Solar Cells  

In this chapter, the energetics alignment of the CZTSSe solar cell has been 

studied using impedance spectroscopy. The recombination resistances of the 

devices are investigated from the Nyquist plot under DC bias conditions. The carrier 

concentration and flat band potential are extracted from the Mott-Schottky 

relation and indicate the energetics alignment changes for solar cells fabricated 

using different conditions. The effects of energetics alignment regarding to the Voc 

achieved are discussed and illustrated schematically. It is aimed that this work can 

open a discussion of the solar cell Voc from the perspective of the device energetics.  

The impedance spectroscopy is a technique that measures the device 

impedance property under various AC and DC voltages. It mainly focuses on 

analyzing the junction properties, such as the electrode-electrolyte interface 

charge transfer and solid interface p-n junction. Thus, it has been widely applied to 

analyze different types of solar cell including dye-sensitized solar cell (DSSCs),58-59, 

86 organic solar cell, 61, 87-88 thin film solar cell 57, 89-90 and Si solar cell 60, 91. 

6.1 Voc Analysis and Comparison from J-V and EQE 

Measurement of the Solar Cells 

The chalcogenide based kesterite semiconductor shares many superior 

properties with chalcopyrite CIGSSe material such as intrinsic p-type characteristics, 

direct band gap and high absorption coefficient. However, the kesterite solar cell 
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has only achieved a power conversion efficiency of 12.8% thus far.  The Voc of 

kesterite solar cell is generally lower than that of chalcopyrite solar cell even 

though they share the same band gap values, which leads to a strong limitation to 

its photovoltaic performance. The problem has been attributed to the intrinsic 

electrical properties of the CZTSSe, in particular: bulk recombination in the CZTSSe 

absorber, interface recombination between CZTSSe/CdS and inner energetics 

order of the devices.34, 92 The recombination mechanism of kesterite solar cell is 

currently under investigation and the low Voc value cannot be easily derived, and 

interpreted from the electrical properties of the devices. 93 Thus, the investigation 

of the p-n junction properties is critical for a better understanding the origin of the 

low Voc values for kesterite solar cell.  

Three CZTSSe absorbers were fabricated by chemical spray pyrolysis followed 

by selenization, as described previously in chapter 4. The thicknesses of the three 

CZTSSe absorbers were 0.6 µm, 0.9 µm and 1.3 µm and the selenization 

temperatures were 520°C, 520°C and 540°C (chosen after a performance 

optimization process). The selenium amount (30 mg pellet) and selenization time 

(12 minutes) were identical for all three selenization processes. The Cu/(Zn+Sn) and 

Zn/Sn ratio of all three CZTSSe were measured in the range of 0.75-0.8 and 1.1-1.15 

by EDX, which was considered in the optimum ratio range for CZTSSe absorbers. 

The solar cells were fabricated through the typical structure of 

glass/Mo/CZTSSe/CdS/i-ZnO/AZO/electrodes without an anti-reflection layer 

coating. The cell areas were identical at 0.11 cm2. The measurement was 



78 

 

performed as described in the experimental chapter 3. Z-View software was 

employed to fit the data obtained.  

The different absorber fabrication conditions lead to different photovoltaic 

performance of the solar cell.  Figure 6-1(a) shows the current-voltage (J-V) curves 

of three devices under light and dark (one sun at AM1.5) conditions. The fabrication 

and performance parameters of the three devices are listed in Table 2 as cell-5, 

cell-6 and cell-7, representing their efficiency levels. To the best of our knowledge, 

the 7.5% efficiency is also the highest reported efficiency for the CZTSSe solar cell 

fabricated using aqueous solution deposition technique.  

Table 2 Selected kesterite solar cells parameters 

Solar 
cells 

Selenization 
temperature (°C) 

PCE 
(%) 

Voc 
(mV) 

Jsc 
(mA/cm2) 

FF 
(%) 

Cell-5 520 5.1% 371 27.3 50 

Cell-6 520 6.0% 387 28.5 54 

Cell-7 540 7.5% 427 28.7 61 

The Jsc values increase slightly when the absorber thickness increases from 0.6 

µm to 0.9 µm and are almost identical for 0.9 µm and 1.3 µm thicknesses. This 

indicates that the devices almost reach an optimum thickness for the absorber 

layer in terms of current collection. The differences in the PCE are mainly ascribed 

to the Voc and FF. In this case, the parameters affecting the Voc become the focus 

of our analysis.  
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Figure 6-1 (a) J-V curves of selected solar cells under dark and light (one sun AM 1.5) 

conditions (b) EQE curves of selected solar cells 

The band gaps of the CZTSSe absorber were calculated from the external 

quantum efficiency (EQE) plot (figure 6-1(b)). Despite the slightly lower band gap 

of cell-5 (Eg=1.07 eV), cell-6 and cell-7 possess almost identical band gaps (Eg=1.16 

eV). The variation of band gaps can be attributed to the different selenium 

concentration level in the CZTSSe, originating from the different selenization 

process and thickness of the films. A widely extended analysis relates the Voc to the 

band gap of the absorber and the reversed saturated current of the diode, which 

can be described in the following equation:  
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Voc =
Ea

q
−

nkT

q
ln (

J00

JL
)    (6.1)          

where Ea is the activation energy of the recombination, n is the diode ideality 

factor, J00 is the reverse saturated current pre-factor and JL is the light current.94 If 

the major recombination of the solar cell is determined by the bulk of the absorber 

layer, the activation energy Ea shall equal the band gap of the absorber layer if the 

carrier recombination is simply a band-to-band transition.  In the DAPs type of 

transition, the activation energy shall be considered as the energy between the 

defects levels, which is less than the band gap of the CZTSSe. Therefore, the Voc is 

relatively low comparing to the absorber band gap. 

However, although cell-6 and cell-7 present similar absorber band gaps, the 

ncell-6 and ncell-7 calculated from their J-V curves are 2.4 and 2.1 respectively. These 

values, which are larger than 2, indicates the recombination mechanism cannot be 

simply identified as a standard Shockley-Read-Hall (SRH) recombination process. 95-

96 Thus the n values are not reflecting the exact recombination conditions of the 

diode. As a consequence, other recombination mechanisms, such as interface 

recombination, should also be considered. Indeed, the interface recombination has 

been previously proposed as the dominating recombination mechanism for 

kesterite solar cell by many groups.27, 92, 97 Therefore, Ea is not equal to the band 

gap of the CZTSSe and the Voc values cannot be simply implied from the above 

equation. 

From another perspective, under illumination, both the recombination and the 

device energetics determine the splitting of the quasi-Fermi levels for electrons 
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and holes to achieve the Voc.  In this case, to further analyze the Voc and p-n junction 

property, impedance spectroscopy was applied on these three cells to investigate 

the recombination resistance effect and band alignment status.  

6.2 Investigate Recombination Resistance from Nyquist 

Plot of Impedance Spectroscopy 

The obtained Nyquist plots are fitted with simple equivalent circuit, as shown 

in figure 6-2(a), where Rs stands for series resistance and Rrec stands for 

recombination resistance. The circuit fitting focuses on understanding the overall 

impact of the dominated p-n junction in the solar cell. The capacitance was fitted 

by means of a constant phase element (CPE). The Rrec obtained from the fitting of 

the devices in their working range (i.e. from 0 to 0.5 V) is shown in figure 6-2(b). 

The higher value of Rrec indicates higher recombination resistance, which means 

lower recombination rate. Rrec significantly decreases in the measured range, which 

is consistent with typical diode behavior.60 In principle, a high recombination 

resistance in the solar cell shall lead to higher Voc, given the same band gap. 

However, the recombination analysis does not justify the obtained differences in 

the Voc. The device with lower Rrec, cell-7, is the one achieving the highest Voc, 

whereas cell-6 and cell-5 present similar Rrec. The devices probably present 

different recombination conditions in dark and under illumination, as it can be 

inferred from the different shapes of the J-V curves in dark and under 1 sun (see 

Fig 6-1). As a consequence, a more in-depth study of the carrier recombination 

under illumination is suggested to review change of the recombination resistance 

with illumination. 
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Figure 6-2 (a) impedance spectra fitting by Z-view software with the fitting circuit inset (b) 

Rrec fitting results from 0-0.5 V for all three cells. 

6.3 Energetics Alignment Illustration and Discussion 

from Mott-Schottky Relation 

In order to elucidate further the origin of the Voc difference, Mott-Schottky 

relations, calculated from the capacitance measured by impedance spectroscopy, 

were plotted as shown in figure 6-3. The high charge carrier concentration of the 

n-type materials (1017 cm-3 for CdS and 1018-20 cm-3 for ZnO) allows the 

approximation of our system to a semiconductor-metal contact where all the 
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depletion width is locating in the p-type material. The flat band potential and 

carrier density can be calculated based on the Mott-Schottky equation: 

C−2 =
2(Vfb − Vappl)

A2qεε0N
      (6.2) 

Where Vfb is the flat-band potential, Vappl is the applied bias, A corresponds to 

the cell area,  ε  is the relative permittivity of the CZTSSe, ε0  is the vacuum 

permittivity and N represent the carrier density of CZTSSe.61 The capacitance 

obtained was at 5k AC frequency where most of the carriers are activated. The 

calculated carrier densities for cell-5, cell-6 and cell-7 are 1.4·1016 cm-3, 1.5·1016 cm-

3 and 2.4·1016 cm-3 respectively, where no significant diversity was observed. 

Similar values of carrier density have been reported for both CIGSSe and CZTSSe 

solar cells with remarkable conversion efficiencies. 98-99 These values of carrier 

densities indicate that the Fermi levels occupy similar relative positions with 

respect to the valence bands for all three CZTSSe absorbers. However, the flat band 

potential (Vfb) extracted are different (0.52 V, 0.54 V and 0.62 V for cell-5, cell-6 

and cell-7 respectively). This parameter accounts for the difference of the Fermi 

levels at both sides of the p-n diode. Since both the buffer layer and the window 

layer can be considered identical for all three analyzed devices, Vfb can be a good 

indicator of the energetics alignment of the device. 
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Figure 6-3 Mott-Schottky relation plot extracts the flat band potential at AC frequency 5k. 

The Vfb difference is especially remarkable for cell-6 and cell-7 as they share the 

same band gap value but with 80 mV mismatch in the Vfb. Regarding the similar 

band gaps and carrier densities for cell-6 and cell-7, the origin of the Vfb variation 

can be attributed to a different energetics of the CZTSSe (since both n-type layers 

fabrication followed the same process which should result in identical Fermi level 

position), possibly originated by the difference in the selenization temperature 

during its formation. Therefore, two pathways of band alignment for cell-6 and cell-

7, leading to different flat band potentials are illustrated in figure 6-4 for 

comparison. Figure 6-4 presents the proposed schematic energetic alignment 

pathway for the solar cell. As the carrier concentration of the CdS is considered at 

order of magnitude of 1017 cm-3 while the ZnO is in the range of 1018 - 1020 cm-3, 

the CdS and i-ZnO can also form an n-n+ junction at their interface. Considering the 

thickness of both CdS and i-ZnO are less than 70 nm and highly doped Al:ZnO is 

using as the window layer, the band alignment is based on the Fermi level of the 

Al:ZnO. For Si based solar cell, the emitter can be simply defined as the n-Si which 
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is highly doped and directly contacting the p-Si absorber layer. In both chalcopyrite 

and kesterite solar cell, the emitter is hard to define as CdS and i-ZnO are acting as 

buffers, they are also n-type semiconductor who generate p-n junction with the 

absorber layers. 

The preferential explanation is based on path (a) (b) as it can properly explain 

the flat band potential and carrier concentration obtained from impedance 

spectroscopy. The path (c)(d) can also explain the difference in flat band 

potentials for cell-6 and cell-7. However, in this case, the carrier concentration shall 

be remarkably different for the two CZTSSe absorbers, which contradicts the 

results obtained.  

 

Figure 6-4 Proposed schematic energetic alignment pathway, from (a) (b) and from (c)  

(d), that satisfy the results of flat band potential calculation (considering same carrier 

concentration) 
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Similar to other kind of solar cells such as OPV,87 the Vfb can be used to measure 

the relative positions of the energy levels, which directly affects the Voc. From this 

perspective, the achieved Voc can be related to the respective Vfb of individual cells, 

indicating that the energetics of the devices can be considered as one of primary 

factors determining the Voc for this type of solar cells.  

In this study, a higher flat band potential was observed for CZTSSe-7 than that 

of CZTSSe-5, which was consistent with the PL peak energy measurement results 

of the absorber layer. Both effects could lead to a higher Voc for CZTSSe-7 cell. The 

Voc was, to some extent, dependent on the barrier formed in the p-n junction. Thus, 

both photoluminescence and impedance spectroscopy analysis were essential to 

broaden the understanding of the Voc of the kesterite solar cells. Further 

investigation is urgently demanded to unveil the detailed mechanism.  

In addition, the aforementioned carrier density for both cell-6 and cell-7 are at 

the same level of 2·1016 cm-3. The carrier density is further extracted from different 

AC frequency conditions. As it is known that the CZTSSe absorber is a heavily doped 

and highly compensated semiconductor, deep acceptor defects levels exist in the 

forbidden energy band. The holes generated by these acceptor defects levels are 

responding to different AC frequency signals. The shallow defects carriers can 

respond to very high AC frequency but the deep defects carriers can only be 

reflected at low AC frequency. Thus, at low AC frequency, a higher carrier density 

should be observed than that of high AC frequency. As shown in the figure 6-5, this 

trend is clearly observed from the Mott-Schottky relation calculation. Both cell-6 

and cell-7 reveal an increasing trend of carrier density towards lower AC frequency. 
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The increasing rate for cell-7 is more significant than cell-6, indicating more deep 

defects existing in cell-7 CZTSSe absorber layer. This can further validate the 

relatively lower recombination resistance obtained from cell-7, than that of cell-6. 

However, it is worth mentioning that even though the carrier density increment is 

different for cell-6 and cell-7, the overall carrier density remains in the same order 

of magnitude for both absorbers.  

 

Figure 6-5 Carrier density calculated from different AC frequency impedance spectroscopy. 

Meanwhile, the flat band potentials at different AC frequency have also been 

calculated based on the Mott-Schokkty equation shown in figure 6-6. It can be seen 

that the flat band potentials calculated from low AC frequency are in similar values, 

while as the AC frequency rises, so does the flat band potential. This phenomenon 

is not commonly observed from other types of solar cell such Si based and OPV. In 

this case, the increment of flat band potential can be explained by the deep defects 

levels existing in the forbidden energy band of CZTSSe absorber. These deep 

defects level are activated only at lower AC frequency so the presented quasi-Fermi 

level of the CZTSSe is affected by different AC frequency. In another words, the 
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band alignment of the p-n junction is based on the electron-hole diffusion. The 

junction capacitance charge and discharge effect is highly impacted by the AC 

frequency once deep defects carrier is presented. The differences of flat band 

potential for cell-6 and cell-7 are quite consistent at low frequency range, where 

most of the carriers are involved. It indicates a reasonable and reliable result 

obtained for explaining the energetics alignment in kesterite solar cells.  

 

Figure 6-6 Flat band potentials calculated from different AC frequency impedance 

spectroscopy. 

6.4 Summary 

In this chapter, impedance spectroscopy was utilized to characterize the full 

device of kesterite solar cell. The solar cell was analyzed as a whole rather than a 

layer by layer structure. It helped deliver a more complete understanding of the 

solar cell.  

The Voc differentiation origin was discussed from a perspective of energetics 

alignment of the device. As the Voc was affected by not only the recombination but 
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also the device energetics, both factors were derived from impedance spectra 

analysis. As a result, the energetics alignment presented a critical contribution to 

the Voc achieved. Together, with the carrier densities obtained, the flat band 

potential calculated from Mott-Schottky relation was essential to reveal the 

energetics of the CZTSSe absorber and the band alignment of the device. It 

indicated a positive correlation to the Voc. Therefore, the Voc deficit problem for the 

kesterite solar cell is not solely derived from the recombination of both the bulk 

and interface, but the energetics alignment of the devices too. In summary, apart 

from the layer by layer recombination study, this work revealed another 

perspective to study the Voc of the CZTSSe solar cell by using impedance 

spectroscopy.  

Future work is required to reveal the relationship of the recombination and 

energetics alignment in the solar cell. Further characterization improvement can 

be obtained by comparing the impedance spectra under dark and illumination 

conditions. Temperature dependent measurement is also an option to study the 

carrier behavior in the device.  
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Chapter 7 CMTSSe (M=Metal) Material 

Development and Application in Solar Cell 

CMTSSe structure semiconductors draw increasing attention as the intrinsic 

problems of the CZTSSe emerge. The concept for CMTSSe is to replace the Zn with 

alternative metallic elements. It aims to modify the band structure and defects 

properties of I-II-IV-VI groups’ semiconductors without compromising the optical 

and electrical advantages of the CZTSS) structure. In this way, it is expected to 

improve the solar cell performance. This chapter will focus on study the CMTSSe 

material structure for potential solar cell absorbers. The reasoning of choosing this 

type of materials will be discussed with a comprehensive understanding of the 

advantages and disadvantages of kesterite materials property and its influence on 

the solar cell. The alternative CMTSSe may broaden the horizon for viewing the I-

II-IV-VI groups’ semiconductors. I-II-IV-VI groups’ compounds such as Cu2CaSnS4, 

Cu2NiSnS4, Cu2MgSnS4 and Cu2MnSnS4 are deposited by using the same spray 

pyrolysis technique as depositing CZTS film. The advantages for spray pyrolysis 

technique provide a feasible solution to deposit thin film with various non-toxic 

elements. The deposited films are further characterized to investigate the crystal 

structure compared to CZTS. The obtained films are processed further to a solar 

cell device by applying the same processes as CZTSSe solar cell.  

7.1 Investigation on CMTSSe (M=Mg, Mn, Ni, Ca) as 

Potential Kesterite Absorbers.  
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The kesterite CZTSSe structure is derived from the chalcopyrite structure where 

the group III elements, In and Ga, are replaced by Zn(II) and Sn(IV). Hence, the 

advantageous properties for chalcopyrite semiconductor, such as high absorption 

coefficient and direct band gap, remains in the kesterite material.  

The main problem existing in CZTSSe kesterite solar cell is the high Voc deficit 

comparing to the CIGSSe chalcopyrite solar cell. The normal Voc deficit for high 

efficiency chalcopyrite solar cell is around 500 mV, while for kesterite solar cells 

this value increases to more than 600 mV. 100-107 The high Voc deficit is originated 

from lower recombination activation energy of kesterite absorber compared to a 

chalcopyrite absorber.  The CZTSSe material gives a much shorter minority carrier 

lifetime compared with the CIGSSe absorber,85, 108-110  and the deep acceptor 

defects levels are believed to contribute to this detrimental effect as well.  

From theoretical calculations, the CuZn antisite is the major acceptor defects 

existing in the CZTSSe while for chalcopyrite material, where a Cu vacancy is 

dominant. 52 The CuZn antisite possesses lower formation energy in the CZTSSe 

system than the Cu vacancy. Considering the Cu vacancy is a shallow defect while 

the CuZn antisite occupies deeper positions in the forbidden energy band, the 

recombination energy is limited due to the DAPs transition of the carriers. 

The reason for the low formation energy for a CuZn antisite defect is the similar 

atomic size and electronic structure of Cu and Zn. Thus, the replacement of Zn by 

Cu is considered feasible. 111 This disorder effect has also been observed 

experimentally by other research groups. 112-114 Therefore, replacing Zn by other 
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metallic elements with different atomic sizes and electronic structures is 

considered an option to solve the problem. By replacing the Zn with other metallic 

elements, the CMTSSe will also possess kesterite structure, so that to reserve the 

advantageous optical and electrical properties of CZTSSe. Due to the atomic size 

difference (figure 7-1), the Cu-M antisite formation energy should be increased, so 

that the concentration of defects will be reduced.  

 

Figure 7-1 Relative ionic radii of atoms 111 

In addition, metallic elements chosen should also be non-toxic and earth 

abundant like Zn. 115 Figure 7-2, shows the cheaper and abundant elements such 

as Mn are good candidate for this study. Based on this analysis, some primary 

results have been established, indicating the feasibility of this substitution.  116-118   



93 

 

 

Figure 7-2 Earth abundant elements with price 

7.2 Crystal Structure and Phase Analysis of CMTSSe 

(M=Ca, Ni, Mg, Mn) 

The CMTS (M=Ca, Ni, Mg, Mn) were deposited on Mo coated glass by spray 

pyrolysis, the same procedure used for the preparation of CZTS. The ion radii value 

for the Ca, Ni, Mg and Mn are 171 pm, 101pm, 139pm and 105pm respectively. The 

element ratio in the precursor solution was consistent with CZTS deposition to 

allow a comparative study. Selenization was also conducted to form poly-

crystalline CMTSSe.  

As shown in figure 7-3, the XRD patterns from CMTS films are very similar to 

that of CZTS. All the pattern reflections shown in CZTS are present in the CMTS 

curves, with slightly different relative intensities. However, these reflections 

cannot confirm the formation of CMTS kesterite structure because the CTS also 

share the same reflection positions of (112), (220/204) and (312/116) planes.  
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Figure 7-3 XRD curves of as-deposited CMTS (M=Ca, Ni, Mg, Mn) films by spray pyrolysis on 

Mo coated glass (with CZTS as reference) 

 After obtaining the film, high temperature selenization was conducted for each 

film with the sample setup as CZTS. Figure 7-4 shows much sharper peaks observed 

from the XRD pattern. The reflections at the positions of (112), (220/204) and 

(312/116) are shown in all CMTSSe. However, only in the CMnTSSe are the kesterite 

pattern peak (011) and (013) observed, confirming the presence of kesterite phase 

in CMnTSSe film. In addition, small reflections emerge around 30°, which are also 

observed for CCaTSSe, CNiTSSe and CMgTSSe. However, we are unable to identify 

the origin of this reflection. In CNiTSSe, multiple reflections are observed which can 

be attributed to NiSe2 phase. 119-120 Reflections at 29.8°, 33.5°, 36.8° and 50.1° 

correspond to the (220), (210), (211) and (311) diffraction planes from of Ni(SSe)2. 

Even though the film CNiTSSe is Ni rich, the observation of NiSe2 indicates the 

difficulty in forming CNiTSSe phase as the NiSe2 is clearly separated and crystalline. 

This effect is not observed for other alternative substituted metals.   
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Figure 7-4 XRD curves (two views) of post-selenized CMTSSe (M= Ca, Ni, Mg, Mn) films (with 

CZTS as reference). 

To further verify the phases of CMTSSe film, Raman spectroscopy has been 

applied for both CMTS and CMTSSe films. Figure 7-5 shows the as-deposited the 

Raman spectra for the CMTS films. For CZTS, a broad band at Raman shift of 333 

cm-1 is observed, which is the A1 mode of the kesterite phase but with low 

crystallinity. For CCaTS, apart from the small band at 333 cm-1, two major bands at 

290 cm-1 and 350 cm-1 are also observed. The two additional bands can be 

attributed to CTS-type phases,121-122 and indicate the major formation of CTS rather 

than CCaTS in the film. It was observed that the as-deposited CCaTS films absorb 
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moisture when exposed to the ambient condition of the laboratory. The film 

appeared to be deliquescent after half an hour, which is possibly due to the 

moisture affinity of Ca. The Ca in the film can easily absorb atmospheric H2O to 

form Ca(OH)2. In this case, the as-deposited film results in the CTS Raman shift.  

For the CNiTS, CMgTS and CMnTS Raman spectra, the 290 cm-1 and 350 cm-1 

are also observed as minor bands compared to band at the 333 cm-1. It suggested 

the mixed formation of CMTS and CTS in the film. Compared to the CZTS Raman 

spectra where the CZTS phase is dominant, the formation of CMTS under spray 

temperature (270°C) is more challenging.  

 

Figure 7-5 Raman spectra of as-deposited CMTS films 

Figure 7-6 shows the Raman spectra of post-selenized CMTSSe films. For 

CZTSSe, bands at 179 cm-1, 203 cm-1 and 238 cm-1 correspond to the A1 mode 

vibration of CZTSe, and 327 cm-1 corresponds to the A1 mode of CZTS. The CCaTSSe 

gives a broad major band centered at 192 cm-1 which corresponds to the A1 mode 

of CTSSe.  The two small bands at 240 cm-1 and 256 cm-1 also correspond to the A 
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mode of CTSSe. 123-126 For CNiTSSe, the secondary phase Ni(SSe)2 has already been 

detected from XRD analysis. From the Raman spectra, the band at 224 cm-1 belongs 

to the Ag mode vibration of Ni(SSe)2.127 The broad band at 190 cm-1 can be 

considered as the A1 mode of CTSSe, similar to the CCaTSSe spectra. For CMgTSSe, 

the broad bands of 182 cm-1 and 237 cm-1 suggest the existence of CTSSe. However, 

it is not possible to identify other phases from the spectrum.128-129 The CMnTSSe 

shows pattern peaks of a tow-mode behavior of kesterite material with mixture 

CMnTS and CMnTSe. The selenization process for CMnTS was not as extensive as 

for CZTS, so that to give a higher S/Se ratio in the CMnTSSe film. Similar behavior 

has been discussed in previous chapters 4.  

Based on the Raman spectrum, the CMnTSSe can be proposed as a potential 

candidate for replacing CZTSSe as an absorber. The solid-solution of CMnTSSe 

appears to be kesterite phase without any detectable secondary phases. For other 

CMTSSe compounds, the presence of secondary phases due to the non-

stoichiometry can lead to a detrimental effect on the solar cell performance. 

However, the elemental ratio applied is mimicking the CZTS initial ratio. Thus, 

further optimization is required in terms of elemental non-stoichiometry and 

selenization temperature for better understanding of the materials.  
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Figure 7-6 Raman spectra of post-selenized CMTSSe compare to CZTSSe with same 

selenization process. 

Figure 7-7 shows the cross-sectional SEM image of the CMTSSe films. The 

CMnTSSe after selenization displays large grains on the Mo glass. Large grains are 

also observed for CCaTSSe, however, as we have identified the CTSSe phase 

dominating in the film, the grains cannot be simply addressed as CCaTSSe. For both 

CMgTSSe and CNiTSSe small grains are observed, which may indicate further 

temperature increments during the selenization process to obtain larger grain sizes. 

Although the absorber quality cannot be simply judged by the grain size, large grain 

sizes are beneficial for the solar cell performance in general. 32, 130-132  
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Figure 7-7 Cross-section FE-SEM image of post-selenized CMTSSe comparing to CZTSSe 

7.3 Light J-V Measurement Discussion on CMTSSe Solar 

Cells  

The aforementioned CMTSSe (M=Ni, Mn, Mg) films were used to replace the 

CZTSSe as absorber layer in the solar cell. The remaining layers are identical to a 

CZTSSe solar cell. Since the CCaTSSe is highly water absorbing due to the presence 

of Ca, the film deteriorated after the CdS deposition. Figure 7-8 shows the J-V 

measurement of the solar cells under one sun at AM 1.5.  
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Figure 7-8 Light J-V curves of CMTSSe (M=Ni, Mg, Mn) solar cells under one sun illumination 

comparing with CZTSSe solar cell 

Among three CMTSSe solar cells, only CMnTSSe displayed PV behavior with a 

conversion efficiency of 0.072%. The solar cell illustrates a diode behavior from the 

J-V curve, indicating the formation of p-type CMnTSSe absorber and p-n junction 

in the solar cell device. It can be observed that the current density increases 

significantly at reversed bias, meaning the solar cell suffers from an extensive 

shunting problem.  Further optimization is required in terms of stoichiometric 

analysis and carrier properties to give an improved performance.  

For CMgTSSe and CNiTSSe solar cell, no PV behavior was observed. The 

conductivity of the film is significant, which may due to the presence of secondary 

phases inside the film. Further optimization can focus primarily on fabricating high 

quality films of the quaternary compounds of CMgTSSe and CNiTSSe.  
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7.4 Summary 

By replacing the Zn in CZTSSe with alternative metals (Ca, Mg, Mn, Ni), the 

CMTSSe can be fabricated using spray pyrolysis techniques. Primary 

characterizations were conducted to reveal the structures of the obtained films.  

Secondary phases were found to coexist with the CMTSSe (M=Ca, Mg, Ni), 

indicating the difficulty in forming quaternary compounds under current CZTSSe 

fabrication condition. Further fabrication improvement for these compounds can 

focus on the stoichiometric adjustment and selenization process.  

In contrast, CMnTSSe solar cell achieved 0.072% efficiency with a clear diode 

behavior from the J-V curve. Although the shunting problem was noticeable, it 

presented potential for further optimization as an absorber. As this was primary 

trial experiment, a further study was required. To our best knowledge, it is the first 

time a kesterite solar cell has been obtained with CMTSSe as the absorber rather 

than CZTSSe.  
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Chapter 8 Conclusion and Prospects 

8.1 Conclusion and Overall Summary 

Kesterite CZTSSe materials presents promising optical and electrical properties 

to be considered as good light absorber in thin film solar cells. They are intrinsic p-

type semiconductors with a direct band gap and high absorption coefficient. 

Kesterite solar cells have achieved more than 12% efficiency by using a hydrazine 

based solution technique, and more than 9% efficiency by vacuum based 

methodologies. Replacing the In in CISSe by Zn and Sn, the In-free CZTSSe absorber 

can further reduce the material costs so that to be comparable to CIGSSe 

chalcopyrite solar cell, which has been industrialized and developed in the PV 

marketplace.  

However, the current fabrication techniques for high quality CZTSSe absorber 

involve either hazardous solvents such as hydrazine, methanol and dimethyl 

sulfoxide (DMSO), or high vacuum conditions. Developing a green and cost-

effective technique to fabricate high quality CZTSSe absorber is in highly demand. 

Following this current work, an aqueous solution spray pyrolysis has been 

introduced into this field. Spray pyrolysis is a green and scalable technique, which 

can be operated at ambient conditions with low equipment needs and power costs.  

In this work, the CZTS film was deposited on Mo coated glass by aqueous 

solution spray pyrolysis. A uniform coated CZTS film was obtained on Mo coated 

glass without carbon residues. After high temperature selenization under 
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atmosphere pressure, a high quality CZTSSe absorber could be achieved. The 

emitter and window layers fabrication followed the standard protocols as 

chalcopyrite solar cell. 

The obtained CZTSSe absorber underwent XRD and Raman spectroscopy 

studies to detect the phase purity.  No traceable secondary phases were detected 

under the experimental procedures applied. SIMS depth profile indicated a 

uniform distribution of Cu, Sn and Se throughout the film, while the Zn and S 

concentrations increased slightly towards the CZTSSe/Mo interface. This result 

indicated the possibility of Zn based binary phase coexisting inside the film, 

although it may act only as a dark region in the solar cell.  

Solar cell devices based on this absorber achieved a 7.5% conversion efficiency 

with Voc = 427 mV, Jsc = 28.7 mA/cm2 and FF = 61% without an antireflection layer. 

The band gap of the CZTSSe absorber was calculated from EQE at Eg=1.16 eV, which 

indicated a Voc deficit more than 730 mV. The Voc deficit is very high compared to 

the champion kesterite and chalcopyrite solar cells, which are around 600 mV and 

500 mV respectively. The high Voc deficit for kesterite solar cell compared to that 

of chalcopyrite solar cell is a significantly limiting factor towards the solar cell 

performance. Therefore, a strong motivation emerged to study the recombination 

behavior in the CZTSSe absorber in more detail.  

Temperature dependent and power dependent PL spectroscopy were 

conducted to study the carrier recombination effects. The temperature dependent 

PL spectra gave a consistent peak position with a lower energy than the band gap 
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of the CZTSSe. It revealed the DAPs transition occurs for the carrier recombination. 

The power dependent PL spectra further confirmed the defects involving in the 

recombination process by power law fitting of the PL intensity. Furthermore, 

significant temperature quenching effect was observed from the PL spectra. The 

origin of the quenching effect was the activation of non-radiative channel for the 

carrier recombination. Modification of the selenization process presented an 

improvement on limiting the non-radiative recombination. As the CZTSSe absorber 

is an intrinsically heavily doped and highly compensated semiconductor, the DAPs 

transition lowers the recombination activation energy, so that the Voc is suppressed. 

The non-radiative recombination promotes the carrier recombination via heat 

transfer, which is detrimental to the minority carrier lifetime.  Thus, the Voc can be 

further reduced.  

The Voc deficit was also studied from the perspective of the energetics 

alignment of the diode p-n junction. Three kesterite solar cells with similar Jsc were 

measured by impedance spectroscopy. In this case, the solar cells were considered 

as an entity to fit the diode circuit. For two cells (cell-6 and cell-7) with similar band 

gaps, the Voc difference was as much as 50 mV. The recombination resistance 

obtained from impedance spectra of cell-7 was less than that of cell-6, which 

cannot properly explain the fact that cell-7 possessed a higher Voc than cell-6. 

Further study of the Mott-Schottky relation revealed similar carrier concentrations 

for both absorbers. However, the flat band potential for cell-7 was 80 mV larger 

than that of cell-6. This was considered as one of the critical factors resulting in the 

difference in Voc.   
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The deep defects levels such as a CuZn antisite defect contribute to the high Voc 

deficit, as the DAPs transition is dominating in the carrier recombination of CZTSSe 

absorber. The reasoning of the low formation energy of CuZn antisite is the 

similarity of their atomic sizes and electronic configuration. Therefore, alternative 

metals were used to replace Zn in CZTSSe. In this study, among the four CMTSSe 

(M=Ca, Ni, Mg, Mn) absorbers fabricated by spray pyrolysis technique, the 

CMnTSSe shows a promising kesterite-type structure without any detectable 

secondary phases in the film. The remaining CMTSSe absorbers presented binary 

or tertiary phases, which were detrimental to the solar cell performance. The solar 

cell based on CMnTSSe absorber obtained a 0.07% conversion efficiency with a 

clear diode behavior of the device, while the reference CZTSSe solar cell was 5.7% 

in comparison. Even though the CMnTSSe solar cell performance was not 

comparable to the CZTSSe solar cell, this preliminary result indicated a potential 

direction to study the kesterite absorbers. The clear diode behavior inside the 

CMnTSSe solar cell presented itself as an intrinsic p-type semiconductor.  

8.2 Future Work Recommendation 

This research work described in this thesis presents a green technique to 

fabricated kesterite solar cells. The Voc of the solar cells were investigated and 

analyzed in terms of absorber carrier recombination behavior and device 

energetics alignment. It was aimed to improve the kesterite solar cell performance 

by understanding its unique optical and electrical properties. The future work is 

recommended in the following fields.  
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8.2.1 Analyze the Illumination Difference between the Absorber 

and Device 

The carrier recombination behavior in the semiconducting absorber layer can 

be detected by using PL spectroscopy. By comparing the PL intensity from the 

device and bulk absorber, the front interface recombination and charges 

separation can be estimated. Under open circuit condition, the excited minority 

carrier cannot flow through the p-n junction after reaching equilibrium at the 

beginning of the illumination. By comparing the intensity difference to the bulk 

absorber, the interface recombination can be estimated. Furthermore, under short 

circuit conditions, the excited minority carrier from the absorber will immediately 

flow through the depletion region to the emitter so that the PL intensity will drop 

accordingly. The reduction of the PL intensity can be attributed to the charge 

separation. In this case, the effectiveness of charge separation can be extracted 

from the comparison of the PL intensity under OC and SC conditions. Besides this, 

the TRPL spectroscopy can also be applied under same assumption to investigate 

the minority carrier lifetime under aforementioned conditions.   

8.2.2 Investigate the Back Surface Field for Kesterite Solar Cell 

The back surface field (BSF) is critical for solar cell performance as it involves 

the carrier recombination in the absorber. The BSF has been studied for Si based 

solar cell for many decades. 133-136 The Mo back contact for kesterite solar cell is 

providing a Shockley contact at the Mo/CZTSSe interface. The electric field can 

restrict the carrier movement in the bulk of CZTSSe absorber. The recombination 
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at the back surface is one of the critical limiting factors for the Voc and Jsc of the 

solar cell.  

In this case, by applying configuration shown in figure 8-1 to the device, the 

Mo/CZTSSe Shockley barrier can be isolated and investigated by impedance 

spectroscopy. Together with the J-V measurements, the impedance spectra can be 

analyzed via Mott-Schottky relation to illustrate the barrier effects of the Mo back 

contact. In addition, the Mo(SSe)2 effect can also be studied by this configuration.  

 

Figure 8-1 configuration for back surface field study by impedance spectroscopy 

8.2.3 Investigate the Impedance Behavior of the Solar Cell 

under Different Illumination Conditions. 

Impedance spectroscopy can be applied under different illumination conditions 

to disclose the electrical properties of solar cells. Different illumination intensities 

give different excited carrier concentrations.  For different excitation wavelength, 

the exciting depth and carrier mobility are changing (figure 8-2). The carrier lifetime 

based on each condition can be extracted from the Nyquist plots. The carrier 

lifetime comparison can further illustrate the overall recombination behavior in the 
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solar cell. The study on the series and recombination resistance can improve the 

understanding of diode properties and capacitance behavior of the device. The 

carrier concentrations can be extracted from dark and light conditions, so that the 

excited carrier concentrations can be obtained to further study the current density 

of the solar cell. Temperature variation can also be applied to the solar cell to 

enable a more comprehensive understanding of the operating mechanisms.  

 

Figure 8-2 Schematic illustration of light wavelength dependence on penetration depth 

8.2.4 Tuning the Band Gap by Cation Incorporation and 

Replacement 

By incorporating Ga into the CISSe absorber, the band gap can be tuning to the 

optimum value so as to achieve more than 20% conversion efficiency for 

chalcopyrite solar cell. For CZTSSe absorber, the primary study replacing Sn with 

Ge has similarly achieved the band tuning effect. However, the conversion 

efficiency did not show remarkable improvement. Further study on incorporating 

metals with oxidation state of +3 such as Al and Ga can be considered as alternative 

options. Replacing Zn with other metal elements such as Mn or Cd is also worthy 

of study, so as to follow on from the promising initial results described in this work.  
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Appendix A: List of Abbreviations 

CZTSSe    Cu2ZnSn(S,Se)4 

CIGSSe    Cu(In,Ga)(S,Se)2 

CMTSSe  Cu2MSn(S,Se)4 (M=metal) 

CTS          Cu2Sn(S,Se)3 

CB            Conduction Band 

VB            Valence Band 

CBD         Chemical Bath Deposition 

TCO         Transparent Conducting Oxide 

Eg             Energy Band Gap 

Voc           Open Circuit Voltage 

Jsc             Short Circuit Current 

FF             Fill Factor 

η               Solar Cell Efficiency 

PL             Photoluminescence  

Vfb            Flat Band Potential 

EQE          External Quantum Efficiency 

SCR          Space Charge Region 

FE-SEM    Field Emission Scanning Electron Microscope 

XRD          X-ray Diffraction 

SIMS         Secondary Ion Mass Spectroscopy 

EDS          Energy Dispersive X-Ray Spectroscopy 

DAPs        Donor-Acceptor Pairs  
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