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guidance and mentorship went beyond academic knowledge, and I am truly thankful for the 

opportunity they provided me. 

 

I would also like to express my special appreciation to my husband, who has been a constant source 

of love and encouragement throughout this journey. Lastly, I am grateful to my parents for instilling 

in me the belief that I can achieve my goals. 

 

 

 

 

 

 

Keywords: Photovoltaics, Cu2ZnSn(SxSe1-x)4, Kesterite, Raman Spectroscopy, Photoluminescence 

Spectroscopy 

 

 

  



 7 

List of Abbreviations and Symbols 
PV Photovoltaic 
Co2-eq Carbon dioxide equivalent 
c-Si Crystalline silicon 
TF Thin film 
CZTSSe Cu2ZnSn(SxSe1-x)4 
PCE Power conversion efficiencies 
VOC Open-circuit voltage 
PL Photoluminescence 
IPCC Intergovernmental Panel on Climate Change 
GHC Greenhouse gas 
UNEP United Nations’ Environment Programme 
pc-Si Polycrystalline Silicon 
CIGSSe Cu(In,Ga)(S,Se)2 
CRM Critical raw materials 
CZTSe Cu2ZnSnSe4 
CZTS Cu2ZnSnS4 
MGL Monograin layer 
S Sulfur 
Se Selenium 
GBs Grain boundary 
SF Stacking fault 
I-V Current-Voltage 
MP Maximum Power 
ISC Short Circuit Current 
FF Fill Factor 
ɳ Maximum Power Conversion Efficiency 
BT Band-to-tail 
BB Band-to-band 
BI Band-to-impurity 
DAP Donor-acceptor pair 
QDAP Quasi-donor-acceptor pair 
TI Tail-to-impurity 
TT Tail-to-tail 
EDX Energy dispersive X-ray spectroscopy 
SEM Scanning electron microscopy 
FWHM Full width at half maximum 
HWHM Half width at half maximum 
me Electron effective mass 
mh Hole effective mass 
LE Low-energy 
HE High-energy 
DOS Density of states 
f(E) Fermi distribution function 
𝝆(E) Density of electron states 
Φ Integral intensity of a photoluminescence 

band  
LSE Localized-state ensemble 
Eg Bandgap energy 
Te

* Effective carrier temperature 
τrad Radiative recombination lifetime 



 8 

τAug Auger recombination lifetime 
τSRH Shokley-Read-Hall (SRH) recombination 

lifetime 
Ea Thermal Activation Energy 

 

  



 9 

List of Figures and Tables 
Figure 1.1: Indicates an approximate share of each energy source of final energy consumption 

[10] .................................................................................................................................................... 13 

Figure 1.2:  SEM surface image of a single-layer monograin layer embedded into polymer (left) 

and a SEM cross-section image of a monograin layer photovoltaic device (right) [15]. .................. 15 

Figure 1.3: The bandgap of Cu2ZnSn(SxSe1-x)4 varies with the S/Se ratio, as indicated by the x 

component, and falls between the bandgaps of pure CZTS and pure CZTSe [37] ........................... 16 

Figure 1.4: An example of a I-V curve for CZTSSe with high efficiency  [12] .................................... 19 

Figure 1.5: The Kesterite structure in three different states : ordered, partially ordered with Cu 

and Zn atoms , and fully disordered. The accompanying graph shows the long-range order 

parameter (S) at equilibrium as it evolves in relation to the reduced temperature T and critical 

temperature TC according to the equation S=𝑡𝑎𝑛ℎ(𝑆𝑇𝐶/𝑇).  S equals 1 for ordered and 0 for fully 

disordered [12].................................................................................................................................. 19 

Figure 1.6: This diagram depicts the conduction and valence band edges of a p-type 

semiconductor that is heavily doped. The acceptor energy level is represented by a red dotted line 

in the diagram. The diagram also shows the carrier mobility (μ) at the band edges as well as 

different recombination pathways like BT, BB, TT, TI, and BI recombination [109] ........................ 20 

Figure 1.7: An illustration of (a) donor-acceptor pair recombination and (b) and (c) which are 

quasi-donor-acceptor pair recombination. When it comes to QDAP transitions, the energy levels 

of the donor and acceptor states are often not created by individual defect aggregates can cause 

fluctuations in band edges which leads to spatially indirect radiative transitions  and finally a 

redistribution of photon emission energies across a wider range. Similar fluctuations in band gap 

may also occur due to spatial composition variations. 𝛾 is depth of fluctuations [53] ................... 21 

Figure 1.8: A low-temperature PL spectra of Cu2ZnSn(SxSe1-x)4 when x varies from 0 to 1 [10] ...... 23 

Figure 2.1: The SEM  picture of annealed CZTSSe microcrystals grown in molten salt of KI. .......... 25 

Figure 2.2: EDX analysis of randomly selected 8 annealed CZTSSe microcrystals. .......................... 25 

Figure 2.3: Raman spectroscopy by Horiba's HP 800 spectrometer. ............................................... 26 

Figure 2.4: The diagram illustrates the energy levels and relative frequency locations of Rayleigh, 

Stokes, and anti-Stokes scattering, with (a) depicting the energy diagram and (b) showing the 

Raman and Rayleigh lines[60] ........................................................................................................... 27 

Figure 2.5: Photoluminescence measurement system .................................................................... 27 

Figure 3.1: SEM images of  (a) as-grown, (b) etched and (c) annealed CZTSSe microcrystals ......... 28 

Figure 3.2: Elemental composition some crystals of three samples which shows negligible variance 

in their components and the least difference is for the annealed one ............................................ 29 

Figure 3.3: CZTS and CZTSe Raman shifts changing by S concentration. A1 modes are related to 

pure anion modes, means S and Se atoms[53] ................................................................................ 30 

Figure3.4: Room temperature Raman spectra of as-grown, etched , annealed .............................. 31 

Table 3.1: The as-grown, etched, and annealed microcrystals’ Raman peaks’ positions are 

compared with the literature in the last column.............................................................................. 32 

Figure 3.5: According to these figures the highest peak position at higher energy part belongs to 

the annealed sample. ........................................................................................................................ 33 

Figure 3.6: Temperature dependence of PL spectrum from CZTSSe microcrystal........................... 35 

Figure 3.7: Equation (3.2) was used to fit the thermal quenching of integral intensity Φ. ............. 36 

Figure 3.8: A schematic model to illustrate recombination models in CZTSSe with strong bandgap 

fluctuation. ........................................................................................................................................ 37 

file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747482
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747482
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747483
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747483
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747484
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747484
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747485
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747486
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747486
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747486
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747486
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747486
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747487
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747487
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747487
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747487
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747488
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747488
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747488
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747488
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747488
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747488
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747489
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747490
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747491
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747492
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747493
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747493
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747493
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747494
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747495
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747496
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747496
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747497
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747497
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747498
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747500
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747500
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747501
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747502
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747503
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747503


 10 

Figure 3.9: The temperature dependence of the shape of the f(E) function as determined by 

spectral fitting. .................................................................................................................................. 38 

Figure 3.10: An illustration of fitting spectra using Equation (3.3)  for two distinct temperatures 39 

Figure 3.11: The variation of peak positions of PL emission, Emax, and the bandgap energy of CZTS 

[103] with temperature .................................................................................................................... 39 

Figure 3.12: Temperature dependence of HWHM values for low- and high-energy sides of PL band

 ........................................................................................................................................................... 40 

Figure 3.13: A schematic illustration of Optical and Acoustic modes inside microcrystals [94] ...... 41 

Figure 3.14: Temperature dependence of FWHM and the result of fitting using Equation (3.6). ... 41 

Figure 3.15: The temperature dependence of an effective carrier temperature and fitting result 

with Equation (3.7)............................................................................................................................ 43 

Figure 3.16: The laser dependence of CZTSSe spectra at T =10 K demonstrates a blueshift of peak 

positions ............................................................................................................................................ 43 

Figure 3.17: The laser dependency of the effective carrier temperature. ....................................... 44 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747504
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747504
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747505
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747506
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747506
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747507
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747507
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747508
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747509
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747510
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747510
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747511
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747511
file://///Users/nafisehabbasi/Desktop/Word%20files/The-whole-thesis-1st-version%20edited.docx%23_Toc134747512


 11 

INTRODUCTION 
 
In 2024, global electricity production from renewables is projected to make up approximately 33% 

of the total, with solar photovoltaic (PV) accounting for nearly 60% (or at least 697 gigawatts) of 

the anticipated growth. Energy-related carbon dioxide equivalent (CO2-eq) emissions rose to 36,800 

Mt in 2024, which was only 0.9% higher than in 2021, and much lower than expected, considering 

the shift from gas to coal in certain nations. The electricity and heat sector's total emissions reached 

an all-time high of 14,600 Mt of CO2-eq in 2022. PV played a crucial role in decreasing CO2 emissions 

from electricity in 2022, preventing roughly 1,399 Mt of annual CO2 emissions, which is a 30% 

increase from 2021. This calculation is based on the emissions that would have been produced by 

the same amount of electricity generated by different grid mixes in all countries, considering the 

life cycle emissions of PV systems. This quantity of avoided CO2 emissions accounts for around 10% 

of the total electricity and heat sector emissions (a 3% increase from 2021) and 4% of all energy 

emissions [1], [2]. 

There are several PV technologies available or in the development phase, which can be classified in 

different ways. One widely used classification divides them into three generations. The first 

generation comprises crystalline silicon (c-Si) technologies, which are mature and reliable, and 

currently hold a dominant position in the PV market. Inorganic thin-film (TF) technologies form the 

second generation and are the primary alternative to c-Si, having gained market share recently. The 

third generation consists of a diverse range of technological approaches, mostly at the research 

stage and relatively distant from commercialization [3]. 

The Kesterite Cu2ZnSn(SxSe1-x)4 (CZTSSe) is an emerging thin-film PV technology that is fully 

environmentally friendly due to its composition of earth-abundant and non-toxic elements. CZTSSe-

based solar cells have demonstrated high power conversion efficiencies (PCE) and stability, but their 

commercialization requires further improvement in PCE. The key challenge for CZTSSe-based solar 

cells is the strong recombination of photogenerated charge carriers through various routes leading 

to a short minority carrier lifetime, which results in a large open-circuit voltage (Voc ) deficit [4], [5]. 

G. Rey [6] mentions how the disorder between Cu and Zn leads to the formation of defects and 

then recombination mechanisms in Kesterite. The technique of photoluminescence (PL) is an 

effective way to study defects and recombination mechanisms in semiconductors in a non-

destructive and optical manner. At low temperatures, PL analysis can reveal details about the defect 

structure, while changes in temperature and laser power can provide insight into the nature of the 

recombination processes involved [7]. 

During this study, the probable defects in CZTSSe microcrystals with the help of the Raman and PL 

techniques were analyzed. The purpose of this study is to deliver a detailed analysis of microcrystal 

CZTSSe PL spectra at various temperatures and under different laser powers to reveal 

recombination mechanisms and their related defects. 

The thesis is divided into three main chapters. The first chapter is a literature review that introduces 

CZTSSe as an absorber material for solar cells, including its defect structure. It also introduces 

photoluminescence spectroscopy as the main material characterization technique. The 

experimental part follows, describing the synthesis of CZTSSe microcrystals and the experimental 
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setups of characterization techniques. The focus of this thesis is on the results and discussion, which 

analyze the temperature and laser power-dependent photoluminescence spectra of studied CZTSSe 

microcrystals with a radiative recombination model. Finally, the conclusions and summary conclude 

the thesis. 
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1. LITERATURE REVIEW 

1.1 Why does the world need photovoltaics? 

Energy has been an integral part of people's daily lives since the dawn of human civilization. 

However, as the world's energy demand is projected to double by 2050, significant investment will 

be necessary to create and implement systems that can satisfy the energy requirements of a 

growing population while also mitigating the negative environmental impacts associated with 

energy production, such as greenhouse gas emissions, air pollution, and ecological damage. This 

investment opportunity offers an ideal chance to identify and adopt the most effective electricity 

generation technologies that align with the principles of sustainability, which emphasize meeting 

current needs while preserving resources for future generations to meet their own requirements 

[8] ,[9]. 

Humanity must alter its approach to this crucial matter, and as such, renewable energy represents 

a fundamental element of a future in which human well-being can be achieved without sacrificing 

the environment [9]. The incursion of Russia into Ukraine served as a warning to governments, 

highlighting the critical importance of transitioning away from fossil fuels and towards sustainable, 

green energy sources [10]. 

 

As an energy source that requires no fuel, PV can offer a sustainable, established, and eco-friendly 

means of generating electricity. With some countries already generating 7-8% of their electricity 

from PV and a global trend of increasing adoption, the technology's ability to directly convert 

abundant solar energy into clean electricity makes it an appealing solution [11]. The primary factor 

that will determine the widespread adoption of PV is its cost competitiveness. Therefore, it is crucial 

to develop PV technologies that are low-cost, efficient, and capable of large-scale deployment, 

utilizing materials that are reasonable, abundant on Earth, and non-toxic [12]  

Figure 1.1: Indicates an approximate share of each energy source of final energy consumption [10] 



 14 

The latest report from the Intergovernmental Panel on Climate Change (IPCC) identifies solar 

energy as the most effective and cost-efficient means of combating the climate crisis, despite 

previous underestimations of PV technical potential. Multiple studies exploring the possibility of a 

climate-neutral energy system have identified PV as a crucial component of future electricity 

generation. However, to avoid increasing Greenhouse gas (GHG) emissions, it is essential to reduce 

the emissions associated with PV module production. In 2016, the United Nations’ Environment 

Programme (UNEP) conducted a study comparing the GHG emissions of various energy sources 

using available data and technology projections. The study found that solar PV electricity produces 

one to two orders of magnitude less GHG emissions than any fossil-based power station [13]. Over 

the past ten years, the cost of solar modules has significantly declined, to the extent that the 

balance of system cost now exceeds that of the modules themselves. Consequently, the levelized 

cost of electricity for PV plants, including battery storage, is lower than that of any other new power 

station [14]. 

Although currently, around 80% of the photovoltaic market utilizes c-Si and pc-Si wafers, the 

indirect bandgap of silicon-based solar cell technology means that it is being replaced by direct 

bandgap thin-film technology [15]. 

 

1.2 Thin film solar cells 
 

Thin film solar cells based on Chalcopyrite absorbers (Cu(In,Ga)(S,Se)2) or (CIGSSe) are commercially 

available. The technology is particularly suited for building integration, as well as for utility systems. 

These modules have proven stable in the field over decades [13]. 

The recent classification of certain elements as critical raw materials (CRM) by the European 

Commission has led to an increased focus on developing thin film photovoltaic (PV) technologies 

that are free of these materials. Specifically, Indium, Gallium, and Tellurium are categorized as 

CRMs, and there is a need for urgent action to substitute them partially or completely in PV 

technologies with CRM-free solutions that use sustainable processes. This requires the design and 

development of upstream solutions that exclusively use earth-abundant elements. Several fully 

inorganic PV technologies based on such elements have been studied to determine the feasibility 

of achieving a cost-efficient inorganic solution. The family of materials known as "Kesterite" 

(including Cu2ZnSnSe4(CZTSe), Cu2ZnSnS4(CZTS), and Cu2ZnSn(SxSe1-x)4) has shown promising results 

so far [16]. The significant interest in utilizing Kesterite CZTSSe as absorber materials in thin-film 

solar cells is driven by their ability to achieve a high absorption coefficient of approximately 104 

cm−1 and the potential to adjust the band gap in the range of 1–1.5 eV [17][18]. The Kesterite family 

of materials shares similarities with the established (CIGSSe) technology, which is already 

commercially available, and has reported photovoltaic performance comparable to that of multi-

crystalline silicon. While thin-film solar cells based on (CIGSSe) and CdTe have demonstrated power 

conversion efficiencies of over 20%, the limited availability of Indium and Tellurium, as well as the 

environmentally harmful nature of Cadmium, hinder their large-scale commercialization and cost 

reduction efforts [11].  
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1.2.1 Monograin layer 
 

A monograin refers to a powder particle made up of a single crystal or several single crystalline 

blocks that have grown into a compact grain. The monograin layer (MGL), on the other hand, is a 

monolayer of powder grains of about the same size embedded into an organic resin. The properties 

of monograin powder crystals are controlled by various factors, such as the synthesis temperature 

and the type and amount of salt used. It's essential that the volume of the molten salt exceeds the 

voids between precursor particles to create enough liquid phase to repel the precursor and formed 

powder particles and prevent sintering. After synthesis, the salt is removed by washing, and the 

powder is dried and sieved. This powder can be used for module printing and is suitable for 

diameters ranging between 20 and 100 μm. 

Efforts have been made to minimize grain boundary effects in thin film structures, including 

optimizing growth conditions and various types of surface treatments. However, manufacturing 

thin films like CuInSe2 with a large surface area and good reproducibility is technically challenging. 

Powder technologies offer a cheaper alternative free of these limitations, and the isothermal 

recrystallization of initial powders in different molten fluxes is a relatively simple and inexpensive 

method to produce powder materials with an improved crystal structure and reduced 

concentration of inherent defects. 

The developed powder materials have several advantages, including a single-crystalline structure 

of every grain, uniform distribution of doping impurities, and a narrow granulometric composition. 

The MGLs combine the high photoelectronic parameters of monocrystals and the advantages of 

polycrystalline materials, such as low cost, simple technology, and flexibility of materials and 

devices. 

However, MGLs have yet to fully realize their advantages in the industrial production of 

photoelectronic devices and solar cells. This is due to some unsolved technical problems, such as 

the need for powder grains of nearly equal size and perfect monocrystalline structure in many 

designs, and the difficulties associated with surface preparation of the grains in the MGL [19]–[21]. 

Figure 1.2 demonstrates an example of the CZTSSe MGL. 

 

 

Figure 1.2:  SEM surface image of a single-layer monograin layer embedded into polymer (left) and a SEM cross-section 
image of a monograin layer photovoltaic device (right) [15]. 
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1.3 Why should we choose Cu2ZnSn(SxSe1-x)4? 

 

CZTSSe is our primary focus among the members of the Kesterite family due to its potential 

properties inherited from both CZTS and CZTSe. The CZTS benefits from a high absorption 

coefficient of over 104 cm-1 and a direct bandgap 1.64 eV at 10 K, depending on factors such as the 

crystal structure, method of preparation, and temperature at which it is measured [22], [23]. Over 

the years, the efficiency of CZTS solar cells has significantly improved from 0.66% in 1996 to 6.7% 

in 2008 and currently stands at 8.4% [22]–[33]. The bandgap of CZTSe solar cells is subject to 

variation based on the orderliness of the device and the temperature at which it is measured. 

Ordered crystal lattices exhibit a bandgap of approximately 1.057 eV, whereas disordered ones 

have a bandgap of about 0.94 eV [34]–[40]. In addition, its efficiency has increased from 11.6% to 

12.6% now [41]. Given the characteristics of the aforementioned solar cells and the ability to 

combine Sulfur (S) and Selenium (Se) in an appropriate ratio to create CZTSSe, a member of the 

Kesterite family, it can be inferred that this compound would possess the most favorable bandgap 

and therefore, the highest efficiency [42]. 

Recently, there has been a notable improvement in the efficiency of CZTSSe solar cells, achieving a 

record of 13.6%, an advancement from 12.6% to 13.0%. However, despite this encouraging 

progress, the current efficiency of CZTSSe solar cells is still considerably lower than the theoretical 

limit, and the potential efficiency of the Kesterite family has yet to be fully realized [43].   

 

Figure 1.3 shows that the yellow sign corresponds to the optimal ratio of S/Se that results in the 

highest efficiency of CZTSSe, with a bandgap energy of 1.37 eV and x is approximately 0.7. Despite 

progresses, their current performance still falls short of the theoretical limit and their counterpart, 

CIGS. The development of CZTSSe solar cells seems to be experiencing a plateau, but this is not 

Figure 1.3: The bandgap of Cu2ZnSn(SxSe1-x)4 varies with the S/Se ratio, as indicated by the x component, and falls 
between the bandgaps of pure CZTS and pure CZTSe [37] 
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uncommon in the 40-year history of well-established CIGS and CdTe thin-film solar cells [11],[43]. 

In addition, the scarcity of Indium is a major obstacle to the widespread deployment of CIGS solar 

cells, and the chemical crystal structure of CZTS cells makes them more stable compared to CIGS 

solar cells. Consequently, CZTS cells necessitate lower maintenance expenses, which enhances their 

long-term economic viability [15]. The fabrication of high-performance CZTSSe solar cells is 

currently impeded by the need to control the composition and chemical homogeneity of the 

absorber [18].  

Kesterite materials offer an advantage due to their isoelectronic nature to Chalcopyrites, which 

means that many of their material properties, including the crystal structure, closely resemble 

those of Chalcopyrites. Additionally, similar preparation methods can be employed, and solar cells 

have been effectively fabricated using the same device structure as chalcopyrite solar cells, making 

them a promising substitute for In-containing absorbers [44]. One of the benefits of this 

semiconductor is the potential to grow with large grains at moderate temperatures [12] 

The structure of CZTSSe is achieved by substituting one Tin (Sn+4) and one Zinc (Zn+2) atom for two 

Indium (In+3) or Gallium (Ga+3) atoms in the CIGSSe structure. Moreover, the CZTSSe system can 

take on various structural phases, with the Kesterite phase being the most stable polytype. 

Kesterite materials possess outstanding photovoltaic absorber properties, including a suitable 

range of bandgaps, a very high light absorption coefficient, and natural p-type conductivity, owing 

to their structural similarity with CIGSSe. 

Conventional processes for growing homogeneous CZTSSe absorber layers, as established for CIGS 

solar cells, have proven to be difficult without the formation of secondary phases. In the last two 

decades, various synthesis methods have been employed for depositing CZTS(Se). These methods 

can be either one-step or two-step. In most of the two-step fabrication techniques, the CZT metal 

precursor is prepared first, Sulfurized/Selenized, and then annealed to develop CZTS(Se). 

Conversely, in one-step fabrication techniques, CZTS(Se) is directly produced and then subjected to 

heat treatment. The deposition rate, layer thickness, and synthesis method employed can all impact 

the device's efficiency [15],[18],[16]. To enhance the performance of CZTSSe solar cells, it is crucial 

to conduct a comprehensive characterization of their absorber layers, specifically to determine 

compositional variations at the nanoscale and the potential existence of secondary phases. An 

understanding of the formation mechanisms of harmful secondary phases in CZTSSe could lead to 

the development of superior growth processes for CZTSSe absorber layers, enabling precise 

composition control. Nonetheless, identifying and measuring secondary phases in CZTSSe layers 

pose significant challenges [18]. 

 

1.3.1 CZTSSe Achille’s heel 
 

One of the main factors that often restricts the performance of CZTS(e)-based solar cells is the 

deficiency in the VOC. Despite extensive research, the VOC properties of the top performing Kesterite 

solar cells are only 60% of the highest attainable value under the terrestrial solar spectrum. Due to 

the polycrystalline nature of CZTS(e) absorber films, the presence of extended defects such as grain 

boundaries (GBs), stacking faults (SFs), and dislocations can have a significant impact on the 

optoelectronic characteristics of the absorber [45]. In order to expedite the technological 
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advancement of CZTSSe material, it is important to analyze the strategies that have enabled CIGSSe 

material to achieve its present level of efficiency. The maximum thermodynamic VOC achievable for 

an absorber bandgap is known as the VOC(Shockley-Queisser), while the experimental VOC is the VOC 

obtained from the current-voltage (I-V) analysis under AM1.5G conditions [16], [17]. 

 

1.4 How to measure solar cells’ efficiency? 

In a solar cell which is an electronic device, sunlight is transformed into electrical energy by using a 

photovoltaic material. This material absorbs the light, causing electrons to be excited to a higher 

energy level. The solar cell collects these light-generated carriers and produces a voltage across the 

cell that is large enough for the excited electrons to move out of the cell and into an external circuit. 

This allows the electrons to dissipate their energy and return to the solar cell [42]. Typically, one of 

the two components (either the n or p-type) of a solar cell's junction serves as the light-absorbing 

material. As a result, the solar cell's absorber layer is designed to be significantly thicker than the 

other layer that forms the junction [46]. When it comes to thin film solar cells, absorber materials 

possess a direct bandgap which means the light can be absorbed in a smaller volume compared to 

materials with an indirect bandgap, such as Silicon, due to a higher absorption coefficient that is 

typically in the range of 104 -105 cm-1[47]. The primary characteristic that defines a solar cell is its 

current-voltage or current density-voltage curve (I-V curve). Both the current and voltage of a solar 

cell vary depending on the applied charge. Typically, the generated current is considered positive. 

When there is a short circuit, the photocurrent reaches its maximum level, which is known as the 

ISC of the solar cell. Ideally, the ISC is directly proportional to the illumination intensity and reduces 

to zero under dark conditions. As the voltage increases, the current decreases until the open circuit 

condition is reached, and the maximum photovoltage VOC is achieved. It is possible to extract useful 

power between the short and open circuits, with the power represented by the product P = I·V. 

Therefore, the maximum power that can be obtained from a PV cell is achieved at the point where 

the product is at its highest. In the most ideal scenario, the maximum power that can be extracted 

is PMP=ISC·VOC , but losses in current and voltage result in a lower extracted power value. The fill 

factor (FF) is the parameter that accounts for these losses and is defined in Equation (1.1) as the 

difference between the real and ideal values, with VMP and IMP representing the voltage and current 

measured at the maximum power point. 

     𝐹𝐹 =
𝑉𝑀𝑃 .  𝐼𝑀𝑃

𝑉𝑂𝐶 .  𝐼𝑆𝐶
                                                                                                                    (1.1) 

The maximum power conversion efficiency (ɳ) of a solar cell, as defined in Equation (1.2), is 
determined by the relationship between the output and the illumination power [48] .   

    ɳ =  𝑉𝑂𝐶 .  𝐼𝑆𝐶.  𝐹𝐹

𝑃𝐿𝑖𝑔ℎ𝑡
                                                                                                                      (1.2) 

To conduct light I-V measurements, the devices are exposed to standard test conditions with global 

air mass (AM1.5) radiation at an intensity of 1000 W/m2 [49]. The quantities used to measure the 

efficiency of photovoltaic devices often require building a full device, making it difficult to 

determine the exact reason for a decrease in efficiency. A common method is to alter one layer of 

the device and observe the resulting changes in the measured quantities, but this approach does 

not provide a deep understanding of the physical process causing the limitation. Instead, material 

science and surface science techniques should be employed in conjunction with theoretical 
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methods to gain a comprehensive understanding of the fundamental physical and chemical 

processes that limit the efficiency of the device [50]. 

 

 

 

 

 

 

 

 

 
 

1.5 Order-Disorder phases in Kesterite 

Kesterite is a complex quaternary system that naturally contains various point defects and clusters 

of compensated defects with low formation energy. In CZTS(e), which crystallizes in the kesterite 

structure, there is a Cu–Zn disorder where the planes at z = 1⁄4 and 3⁄4 contain only Cu and Zn 

atoms. This disorder occurs due to easy atomic exchange within these planes (between the 2c and 

2d positions, using Wyckoff notation), while the rest of the lattice remains undisturbed [43], [51]. 

Figure 1.4: An example of a I-V curve for CZTSSe 
with high efficiency  [12] 

Figure 1.5: The Kesterite structure in three different states : ordered, partially ordered with Cu and Zn atoms , and 
fully disordered. The accompanying graph shows the long-range order parameter (S) at equilibrium as it evolves in 

relation to the reduced temperature T and critical temperature TC according to the equation S=𝑡𝑎𝑛ℎ
𝑆𝑇𝐶

𝑇
.  S equals 1 

for ordered and 0 for fully disordered [12] 
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1.6 Recombination Mechanisms in Kesterite 

Kesterite absorbers exhibit p-type doping due to both intrinsic (native) defects and extrinsic doping 

[17].  In order to enhance the efficiency of Kesterite solar cells, it is crucial to identify the primary 

source of recombination. The elevated recombination of Kesterite-based devices may be attributed 

to various mechanisms, including those associated with non-ohmic contacts, grain boundaries, 

secondary phases, and hetero-junction partner and buffer [12]. Radiative recombination in p-type 

materials, particularly in Kesterites with small effective electron masses, can be attributed to 

various channels. The first channel is band-to-tail (BT) recombination, which involves a free electron 

and a hole localized in the valence band tail. The second channel is band-to-band (BB) 

recombination, where both a free electron and hole participate. The third channel is band-to-

impurity (BI) recombination, which involves an acceptor state that is sufficiently deep to not overlap 

with the valence band tail. Then, donor-acceptor pair (DAP) recombination involves an acceptor 

and donor state, both deep enough to not overlap with the corresponding band tails. Moreover, 

radiative transitions in the quasi-donor–acceptor pair (QDAP) model take place through defect 

levels or defect aggregates, which are situated at a distance from the band edges [52]. In addition, 

in semiconductors that are strongly compensated, holes and electrons can be localized by potential 

wells, which enables the occurrence of both tail-to-impurity (TI) and tail-to-tail (TT) recombination 

mechanisms [17],[53].  

 

 

 

 

 

 

 

 

 

1.7 Photoluminescence Spectroscopy and detected defects 
 
PL studies of Kesterites have detected all these recombination pathways. Therefore, it is crucial to 

identify the main recombination pathway to enhance the efficiency of Kesterite solar cells. Several 

factors, such as hetero-junction partner, buffer, non-ohmic contacts, grain-boundaries, or 

secondary phases, may increase recombination in Kesterite-based devices [17]. The loss 

mechanisms that have the most significant impact on the efficiency of Kesterite-based solar cells 

Figure 1.6: This diagram depicts the conduction and valence band edges of a p-
type semiconductor that is heavily doped. The acceptor energy level is represented 
by a red dotted line in the diagram. The diagram also shows the carrier mobility (μ) 
at the band edges as well as different recombination pathways like BT, BB, TT, TI, 

and BI recombination [106] 



 21 

are typically related to their intrinsic properties. These losses can be attributed to various factors, 

including the presence of native deep defects that act as recombination centers, as well as the 

existence of band-tails that limit the useful energy of photogenerated carriers and their transport. 

Although it has been suggested that tail states only slightly reduce the open circuit voltage, this is 

only valid if radiative recombination is the dominant recombination path. In reality, tail states also 

contribute to Shockley-Read-Hall recombination, which involves deep levels in the band gap that 

act as nonradiative recombination centers, thus further lowering the room temperature Voc [12]. 

Two fundamental mechanisms are responsible for creating tail states: the first involves a high 

concentration of charged defects that, when combined with a high degree of compensation, causes 

fluctuations in the electrostatic potential. The second mechanism involves crystalline or 

compositional inhomogeneities that lead to fluctuations in the band edges, and consequently, the 

bandgap [12], [17]. It has been suggested that the fluctuations in the band gap can be attributed to 

the presence of compensated defects, such as [Cu- 
Zn+Sn2+

Zn]defect complexes. The electronic 

defects present in the bulk of a solar cell absorber are crucial in determining its suitability for use 

in a solar cell. Shallow defects establish the doping level, while deep defects function as harmful 

recombination centers that reduce the open-circuit voltage of the solar cell. For instance, defects 

related to Sn, such as SnZn and [CuZn+SnZn] clusters, have been extensively identified as significant 

deep-level defects, and a high density of [2CuZn+SnZn] defect clusters is one of the major causes of 

tail states in Kesterite [14], [43].  Cu and Zn can substitute each other with low enthalpy cost due 

to their close cation sizes and small chemical mismatch in the Kesterite system. The Kesterite 

structure commonly exhibits a significant number of antisite defects, including CuZn and ZnCu, as 

well as related defect complexes. This leads to pronounced electrostatic potential fluctuations and 

associated band tailing. Moreover, the presence of a high density of acceptor-like CuZn defects 

results in the pinning of the interface Fermi level to a lower energy level, leading to a reduction in 

the band bending within the absorber and a weakening of the electric field at the heterojunction 

interfaces. These combined effects result in a marked decrease in both the fill factor and VOC. This 

explains why thermal annealing can improve Cu–Zn order level but fails to effectively mitigate band 

tailing. The reason is that thermal annealing only reduces the concentration of CuZn defects and has 

no effect on SnZn defects. Therefore, the absorber grain growth mechanism is expected to have a 

strong impact on the concentration of [2CuZn + SnZn] and, consequently on the band tailing [54],[11].  

 

Figure 1.7: An illustration of (a) donor-acceptor pair recombination and (b) and (c) which are quasi-donor-acceptor pair 
recombination. When it comes to QDAP transitions, the energy levels of the donor and acceptor states are often not created 

by individual defect aggregates can cause fluctuations in band edges which leads to spatially indirect radiative transitions  
and finally a redistribution of photon emission energies across a wider range. Similar fluctuations in band gap may also 

occur due to spatial composition variations. 𝛾 is depth of fluctuations [52] 
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To determine the suitability of a material as an absorber in a solar cell, it needs to possess several 

specific properties. However, assessing the material's quality early on in the development process 

is crucial. While creating a solar cell from the material and measuring its efficiency may seem like a 

simple method, the contacts' unsuitability may negatively affect the absorber material's 

performance. Thin film solar cells are complex structures with multiple layers, and each material 

and interface must have the anticipated properties for high efficiency. If the efficiency is poor, it is 

difficult to ascertain whether the issue is a subpar absorber or an inappropriate contact material. 

As a result, it is crucial to assess the absorber's quality separately, and photoluminescence is one 

way to accomplish this [55]. PL is a well-established non-destructive, and sensitive technique for 

studying various dopants, defects, carrier lifetime, and related recombination mechanisms in 

semiconductors due to the nature of charge carriers to relax to the lowest energetic state. 

Moreover, there is extensive useful information that can be obtained from peak energy, peak 

width, and peak intensity. Since in photovoltaics, defects in semiconductors can limit efficiency. The 

fast growth of large-area semiconductor films in solar cells makes it difficult to eliminate most 

defects. Therefore, research focuses on identifying, analyzing, and eliminating the most detrimental 

defects. Defect concentration can be reduced based on thermodynamics to improve efficiency. PL 

is the optical radiation emitted by a physical system resulting from excitation to a non-equilibrium 

state by irradiation with light whose instrument requires a suitable laser beam with an appropriate 

emission-characteristics spectrometer for a high-spectral resolution and appropriate detector. For 

excitation, laser light with energy higher than the bandgap energy of the material under study has 

to be used. A photoluminescence experiment consists of three levels: First electrons from the 

valence band are excited via laser light into the conduction band. The electrons in the conduction 

band, as well as the holes in the valence band, thermalize, due to carrier-carrier and carrier-phonon 

interactions on a time scale between femtoseconds and a few picoseconds. In doing so the electron 

system reaches quasi-thermal equilibrium.  In the third step, the electrons and holes recombine, 

thereby emitting a photon. This happens on a time scale between several 100ps and a few ns. 

Electrons and holes can recombine directly from the bands, or with electrons or holes bound to 

donor or acceptor states. From the temperature and intensity dependence of the emitted photon, 

the type of transition can be deduced. There are several recombination mechanisms possible, 

depending on the defect structure of the material. These processes that result in the release of a 

photon are known as radiative recombination. Conversely, when electrons transition from the 

conduction band to an intermediate energy state (deep defect level), or from this level to the 

valence band, releasing a phonon instead of a photon, these processes are referred to as non-

radiative recombination. In semiconductors with high concentrations of intrinsic or extrinsic defects 

(>1020 cm−1), further recombination routes may arise. These materials are called heavily doped 

semiconductors. The material may exhibit a widening of defect levels within the forbidden gap and 

the formation of valence and conduction band tails due to the presence of numerous non-uniformly 

distributed charged defects causing spatial potential fluctuations. This technique proves to be 

highly valuable in measuring the chalcogens ratio in CZTSSe compounds. It is worth mentioning that 

the defect structure depends not only on the elemental composition but also on the post-growth 

cooling process or additional thermal treatments that modify the degree of Cu-Zn disordering in 

Kesterites. The defect structures of Kesterites, being multinary compounds, are known to be 

complex and influenced by various factors such as elemental composition, growth process, and 

post-growth thermal treatments [46],[52], [56]–[59]. 
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1.8 Aim of the Thesis 

CZTSSe has been extensively studied in the literature as a potential absorber material for 

photovoltaics owing to its direct bandgap and significant absorption coefficient that can be tuned 

by altering the S/Se ratio. Recent research has shown that improvements in efficiency have made 

CZTSSe an attractive option [9], [11], [34]. Identifying the primary source of recombination is crucial 

for enhancing the efficiency of Kesterite solar cells. PL studies have detected various recombination 

pathways in Kesterites, thus it is imperative to identify the primary recombination pathway to 

improve their efficiency [5], [10]. 

CZTSSe has been recognized as a potential absorber material for photovoltaic applications due to 

its high absorption coefficient and direct bandgap, which can be adjusted by altering the S/Se ratio. 

Its efficiency has been improved significantly in recent years, attracting more attention [9], [11], 

[34]. To enhance the efficiency of Kesterite solar cells, it is essential to identify the primary 

recombination pathway. Previous PL studies have detected recombination pathways. Therefore, 

identifying the main recombination pathway is critical to improving the efficiency of Kesterite solar 

cells [5], [10]. 

The focus of this thesis is to investigate the optoelectronic properties of Cu2ZnSn(SxSe1-x)4 

microcrystals synthesized with Cu-poor Zn-rich elemental composition that contains both ordered 

and disordered phases. Raman and photoluminescence measurements will be conducted to gain 

insights into the key characteristics of the material and to identify any intrinsic defects. 

Furthermore, analyzing the photoluminescence spectra under different conditions will help in 

identifying the main recombination pathway of the microcrystals and measuring the carriers’ 

lifetime. 

 

 

 

 

Figure 1.8: A low-temperature PL spectra of Cu2ZnSn(SxSe1-x)4 when x varies from 0 to 1 [10] 
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2. EXPERIMENTAL 

2.1 Synthesis of CZTSSe microcrystals 

Synthesizing the Cu2ZnSn(S,Se)4 microcrystals in this study was done by the molten salt (flux 

material) synthesis-growth method. Precursors include Cu powder (99.999% Alfa Aesar), Sn shots 

(99.999% Alfa Aesar), ZnS powder (99.999% Alfa Aesar), S pieces (99.999% Alfa Aesar) and Se shots 

(99.999% Alfa Aesar). Water-soluble potassium iodide with the mass ratio of liquid KI to solid 

CZTSSe of 1.2:1 (g/g) was used as flux material. The intended initial composition of 

Cu1.914Zn1.08Sn0.982S2.68Se1.32 and KI precursors were weighed in desired ratios and amounts, then 

loaded into a quartz ampoule and mixed by shaking. The filled ampoule was sealed and degassed 

under a dynamic vacuum and then heated isothermally at 740°C for 110 hours. The next step is 

cooling the ampoule to reach room temperature, then the flux material was removed from the 

batch by leaching and rinsing it with distilled water. After the flux material was removed from the 

batch by leaching and rinsing with distilled water, the resulting microcrystal powder was dried in a 

hot-air oven at 50 °C and sieved to obtain several narrow granulometric fractions ranging between 

38 to 125 µm. More details about the growth process of Kesterite-based microcrystal powder can 

be found in [60].  Now it’s time to etch the powder after synthesis with 0.1 vol% Br in methanol for 

60 sec and with 10 wt% KCN aqueous solution for 90 sec at room temperature, and next annealed 

isothermally in a vacuumed ampoule (volume ~2 cm3) at 740 °C for 35 min. Afterward, switching 

off the furnace happens until the ampoule reached room temperature. Our experimental 

procedure involved three distinct samples that corresponded to each step in the process: 

• as-grown: obtained prior to the etching step 

• etched: obtained after etching 

• annealed: obtained after thermal treatment 

For each sample, we conducted a series of measurements to determine their properties and 

characteristics. 

2.2 Material characterization methods 

2.2.1 Energy-dispersive X-ray spectroscopy (EDX) 

The composition of the main constituent elements in the CZTSSe powder crystals was analyzed by 

energy dispersive X-ray spectroscopy (EDX) on HP-SEM  Zeiss FEG-SEM Ultra-55 equipped with 

Bruker EDX-XFlash6/30 detector with an accelerating voltage of 20 kV. Due to the EDX analysis, the 

post-annealed CZTSSe crystals had an average composition of Cu1.95Zn1.03Sn1.04S2.81Se1.19. To obtain 

a better match with the solar spectrum composition [S]/([S]+[Se])=0.7 was used which reduces the 

bandgap energy compared to CZTS. As a result, bandgap energy for this composition is estimated 

to be near 1.4 eV at room temperature [61]. 

The average size of achieved annealed CZTSSe microcrystals was about 63-75 𝜇m, as shown below 

in Figure 2.1. 
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As it was mentioned earlier, the EDX  measurements were done on each sample. The EDX analytical 

technique enables the elemental analysis of all the elements in the periodic table above beryllium 

by utilizing the emission of X-rays produced when an accelerated electron beam strikes the sample 

[46] . As a result, the elemental composition of different crystals of annealed microcrystals 

illustrated small fluctuations as it is shown in Figure 2.2. 

 

 

 

 

 

 

 

 

 

      

  

 

 

 

 

Figure 2.1: The SEM  picture of annealed CZTSSe 
microcrystals grown in molten salt of KI. 

 

Figure 2.2: EDX analysis of randomly selected 8 annealed 
CZTSSe microcrystals. 
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2.2.2 Raman Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

Raman scattering spectroscopy has become an indispensable tool in the characterization of thin 

film solar cells, especially CZZTSe, due to its non-destructive and rapid nature, which allows for 

compositional, and crystal structural analysis of the material's surface region based on its lattice 

vibrational spectra. This technique is based on the inelastic scattering of light by the material, 

resulting in a shift in the frequency of the incident light, known as the Raman shift. The Micro-

Raman spectrometer Horiba LabRam 800HR equipped with a cooled multichannel CCD detector in 

the backscattering configuration was used to perform room temperature Raman spectroscopy, 

with a Nd:YAG laser beam of 532 nm wavelength as the excitation source, and a laser spot size of 

approximately 10 micrometers in diameter. An 1800 lines/mm grating monochromator with a Si 

CCD detector was employed to analyze the scattered laser light, with Raman measurements 

performed in the 50-550 cm-1 range.  

When monochromatic light with a known energy interacts with a material, most of the incident 

light undergoes elastic back-scattering (Rayleigh scattering). However, a small percentage of 

photons (typically 1 in 106) interact with the crystal lattice and undergo inelastic (Raman) scattering, 

which generates (Stokes) or absorbs (anti-Stokes) a phonon. This process results in the scattered 

photons having slightly lower or higher energy than the incident light, as illustrated in Figure 2.4. 

Raman spectra, which strongly depend on material composition, structure, defects, and other 

factors, can be generated by measuring the energy of scattered light from a sample. Fityk software 

was used to fit the measured spectra with Lorentzian peaks to determine peak positions and half-

widths. The resulting peak position values were compared with literature data to determine the 

phase composition of the studied samples, while the full width at half maximum (FWHM) values of 

the dominant Raman peaks were used to assess the crystalline quality of the samples.[56][62]. 

Figure 2.3: Raman spectroscopy by Horiba's HP 800 spectrometer. 
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2.2.3 Photoluminescence Spectroscopy 

A 0.64 m focal length single grating (600 mm−1) monochromator and the 442 nm line of a He–Cd 

laser with different powers were used for PL measurements. For PL signal detection, a Hamamatsu 

InGaAs photomultiplier tube (PMT) was used. A closed-cycle helium cryostat (Janis CCS-150) was 

employed to measure temperature dependencies of the PL spectra at temperatures from 10 to 200 

K. More than 100 microcrystals were excited during the PL measurements using a laser spot with a 

diameter of 700 μm (maximum power density was 9 W/cm2 ). 

 
 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 2.5: Photoluminescence measurement system 

Figure 2.4: The diagram illustrates the energy levels and relative frequency locations of Rayleigh, Stokes, and 
anti-Stokes scattering, with (a) depicting the energy diagram and (b) showing the Raman and Rayleigh lines[59] 
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3. RESULTS AND DISCUSSIONS 

3.1 Elemental Composition 

In order to determine the elemental composition of the microcrystals shown in the SEM image in 

Figure 3.1, the energy dispersive X-ray spectroscopy (EDX) technique was utilized. 

(a)                                                       (b)                                                     (c) 

 

 

According to the composition ratio of atoms which is detailed in the experiment part, the material 

is processed in Zn-rich Cu-poor condition, due to  
𝐶𝑢

𝑍𝑛+𝑆𝑛
= 0.9 which leads to more efficiency 

compared to Zn-poor Cu-rich condition. Various spectrums related to different grain positions on 

the sample surfaces were analyzed that are numbered in (a), (b), and (c) parts of Figure 3.1. The 

grain numbered 9 has a different appearance and based on the percentage of the existence of each 

atom, it could contain ZnS(e) or even CuxS(e) and Cu2SnS(e)3 secondary phases which can easily 

form and compete with single phase Kesterite [63]. The formation of these secondary phases can 

negatively impact the performance of CZTSSe by acting as recombination centers for charge carriers 

and reducing the overall efficiency of the solar cell. In addition, by comparing the elemental 

composition of three samples, the annealed microcrystals showed the least fluctuation and as it is 

shown in Figure 3.2 the surface is the most uniform. 

Figure 3.1: SEM images of  (a) as-grown, (b) etched and (c) annealed CZTSSe microcrystals 
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3.2 Structural and phase analysis 

Raman spectroscopy is a valuable tool for investigating the vibrational modes of materials and 

enhancing their efficiency. It is based on inelastic scattering, whereby an incident photon interacts 

with the crystal and generates a scattered photon, causing the crystal to vibrate. The difference 

between the energies of the incident and scattered photons is called the Raman shift, which is 

proportional to the crystal's vibrational and rotational energy levels. The Raman shift is typically 

expressed in units of wavenumbers (cm-1). A variation in the S/Se ratio can alter the bandgap of 

CZTSSe and affect the peak positions in Raman spectra too. In [64] and [65], demonstrate that an 

increase in the S ratio results in a shift of peak positions towards higher energy, while an increase 

in the Se ratio causes a shift towards lower energy as it is shown in Figure 3.3. Since the cationic 

ratios were held constant across all samples, the change in peak positions is attributed primarily to 

differences in the anion composition. The CZTSSe peaks exhibit a greater dependence on the anion 

composition ratio than the CZTS and CZTSe-like peaks, which confirms their association with 

vibrational modes that include both S and Se atoms in the lattice. In contrast, the CZTS-like peaks 

Figure 3.2: Elemental composition some crystals of three samples which shows negligible variance in their components and 
the least difference is for the annealed one 
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relate only to S vibrations, while the CZTSe-like peaks relate only to Se vibrations, which is 

consistent with their lower dependence on anion composition frequency [66].  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: CZTS and CZTSe Raman shifts changing by S concentration. A1 
modes are related to pure anion modes, means S and Se atoms [52] 
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Room temperature Raman spectroscopy was done on three samples which is presented in Figure 

3.4 with 11 various peaks. 

 

 

 

 

The Fityk program was  employed to fit our data, employing the following Lorentzian function for 

the task shown by Equation (3.1) [67]. 

      y = 
𝑎0

1 +  (
𝑥− 𝑎1

𝑎2
)

2                                                                                                                        (3.1)                                                     

The y and x axes correspond to the Raman Intensity (arb. Units) and Raman Shift (cm-1), respectively. 

In this context, a0 represents the height, a1 denotes the center, and a2 indicates the half width at 

half maximum (HWHM= 
FWHM

2
), where FWHM stands for full width at half maximum. Across all 

spectra, individual peaks are denoted by 11 blue curves, while their sum is represented by a black 

line. The resulting fit is visualized by the red curve. All three spectra exhibit two prominent peaks, 

with minor peaks indicating the presence of secondary phases. 

In the following, Table 1 indicates our samples’ peak positions with ones from the literature as a 

reference which is mentioned R in the last column [68]. This ratio of S and Se was selected due to 

Figure3.4: Room temperature Raman spectra of as-grown, etched , annealed 
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the fact that it was the nearest ratio to our sample which is   
𝑆

(𝑆+𝑆𝑒)
= 0.7 and was processed in Cu-

poor Zn-rich conditions the same as our sample. 

 

 Raman Shift(cm-1) Raman Shift(cm-1) Raman Shift(cm-1) Raman Shift(cm-1) 

Peaks Numbers as-grown etched annealed 𝑆

(𝑆+𝑆𝑒)
 = 0.77R 

1 93 93 92 92.9 

2 130 133 128 139.3 

3 166 173 164 162.9 

4 210 208 201 202.9 

5 224 222 222 226.7 

6 235 234 234 235.1 

7 255 264 252 254.2 

8 289 293 285 286.4 

9 333 331 331 332.1 
10 350 348 346 346.8 

11 360 361 356 358.3 
Table 3.1: The as-grown, etched, and annealed microcrystals’ Raman peaks’ positions are compared with the literature 

in the last column. 

The Raman spectra typically exhibit a two-mode behavior, where the most intense modes are 

considered primary while weaker peaks are often attributed to secondary phases like SnS, SnSe, 

ZnS, ZnSe, or Se [68]. The presence of these secondary phases can be confirmed through analysis 

of the EDX results. 

The peak positions are at higher energy positions in the reference sample compared to ours due to 

the higher amount of S utilized in the reference. This is because the higher energy portion is 

attributed to S vibrational modes, while the lower energy portion is attributed to Se vibrational 

modes. The creation of Zn(S,Se) while inhibiting the development of secondary phases such Cu(S,Se) 

and CuSn(S,Se) happens under Cu-poor Zn-rich condition which exists in best performance Kesterite 

devices [69]. ZnS is the most predictable secondary phase in CZTS which is more akin to our sample 

rather CZTSe, based on S/Se ratio in our sample. Additionally, reference [60] reports a ZnS 

secondary phase peak at 353 cm-1, which suggests the possibility of its presence in our sample upon 

comparison. Upon comparison of the S/Se ratios between our sample and the reference [60], the 

ZnSe secondary phase peak at 252 cm-1 was not detected in our Raman spectra. However, it is 

possible that the absence of this peak was due to Raman spectroscopy being conducted on pure 

grains. Nonetheless, EDX analysis results confirm the existence of ZnSe in our sample. 

The use of Raman spectroscopy with a 532 nm laser is advantageous for identifying the presence 

of Cu(S,Se) secondary phase. Analysis of the obtained spectrum revealed the absence of a peak at 

260 cm-1, indicating that this secondary phase did not manifest in our sample [70]. Based on CZTS 

Raman spectrums in [71] the broad peak at 285 cm-1 was close to its peak. The presence of a peak 

at 252 cm-1 in our sample was consistent with the CZTS spectrum. By comparing this peak with other 

characteristic peaks of CZTS in [72], we found that peaks at 331 and 346 cm-1 were nearly identical 

to those at 332 and 347 cm-1 in the CZTS spectrum, respectively. The slight variation was attributed 

to the presence of Se in our sample, which distinguishes it from CZTS.  
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3.3 Photoluminescence of CZTSSe microcrystals 

The native and foreign defects present in semiconductor materials primarily govern their 

optoelectronic characteristics, resulting in various forms of recombination. The study of 

recombination mechanisms and associated defects in semiconductors can be effectively carried out 

using photoluminescence as a useful tool [73], [74]. 

In order to investigate mentioned recombination mechanisms, PL measurements at room 

temperature and 8 K were done on the three samples demonstrated in Figure 3.5. 

 

From the information presented in both figures, it is evident that the annealed microcrystals exhibit 

the highest intensity spectrum, suggesting an improvement after each step of the experimental 

procedure. Additionally, the peaks’ positions of the spectra have shifted towards higher energy 

values. Moreover, the low-energy portion of all spectra exhibits second-order or Hyper-Raman 

scattering, which is significantly less intense compared to the PL signals. Hyper-Raman scattering is 

a phenomenon that produces a scattering signal that is shifted in frequency relative to the second 

harmonic of the excitation frequency and is directly proportional to the square of the excitation 

intensity [75]. Consequently, the subsequent investigations will focus on the annealed 

microcrystals, which has the most intriguing characteristics, as the intensities of the other samples 

at both temperatures are not comparable to it. 

3.4 Photoluminescence of  the annealed CZTSSe 

According to [76] in heavily doped semiconductors, the system's behavior is significantly affected 

by the masses of electrons and holes. This is because the average distance between defects in the 

semiconductor is smaller than their Bohr radii, causing the wave functions of these defects to 

overlap, which results in the semiconductor being highly doped. The majority of direct-gap 

semiconductors are characterized by me < mh (where me is the electron effective mass and mh is the 

hole effective mass). In the case of p-type heavily doped semiconductors, we must allow for the 

capture of nonequilibrium electrons by localized states in the conduction band tail. Thus, for these 

materials, the luminescence is governed not only by BB, BT, and BI transitions but also by TI and TT 

transitions, which correspond to the recombination of electrons trapped by deep states in the 

Figure 3.5: According to these figures the highest peak position at 
higher energy part belongs to the annealed sample. 
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conduction band tail with holes localized correspondingly at acceptors in deep states of the valence 

band tail. The differences which follow from the inequality me << mh are significant in the sense 

that the transition probability for an electron-hole pair in which the electron is in a state with a 

relatively high effective mass is much smaller than that for a pair in which the hole is in such a state. 

If under the doping conditions considered, Na > Nd, the luminescence of such a p-type 

semiconductor observed at moderately high temperatures and excitation rates is governed by the 

recombination of nonequilibrium electrons with holes localized at acceptors. Transitions of the BI 

and TI types determine the luminescence spectrum at lower frequencies than those corresponding 

to Interbrand recombination channels (TT, BT, BB). The effective mass of electrons (me/mo) in CZTS, 

a material like our sample, is known to be 0.18, whereas the effective mass of holes (mp/mo) is 2 

which indicates the significant difference between the effective masses of electrons and holes [77]. 

When it comes to CZTSe those ratios are me/mp=0.08  and mh/mo=021 [78]. 

The presence of recombination mechanisms, such as BI, BT, and BB, has been observed in different 

chalcogenide semiconductors, including p-type CuGaSe2 and CuIn1-xGaxSe2. Although annealing 

techniques have been utilized to mitigate these mechanisms, they have not been entirely 

eliminated. The asymmetrical shape of the low-temperature wide PL bands is characterized by a 

peak position that experiences a rapid redshift with increasing temperature, reaching a minimum 

value at approximately 100–200 K. An observation was made in CZTSSe, revealed that the rate of 

the peak position redshift did not change as the laser power decreased [79]–[82]. 

Throughout investigations on ordered-disordered Kesterite by various methods such as the impact 

of Germanium incorporation on CZTSSe and the influence of Copper/Zinc content on CZTSe, similar 

recombination mechanisms are observed, and the PL bands are asymmetric Gaussian. PL band 

shows a steeper decline on the high-energy sides while demonstrating an exponential increase on 

the low-energy side. In contrast to ternary Chalcopyrite, the model of heavily doped semiconductor 

fit them and blueshift with an increase of excitation and redshift with an increase of temperature 

is common among them [78], [83]–[85]. 

An example of ordered-disordered phases coexistence in CZTS polycrystals is in [22] with two 

distinct PL bands detected at 1.27 eV and 1.35 eV at a temperature of T=10 K. Both PL bands exhibit 

similar characteristics regarding temperature and excitation power and are attributed to BI-

recombination, and the peak at 1.35 eV arises from the Kesterite CZTS phase, while the PL band at 

1.27 eV arises from the disordered Kesterite phase. 

The presence of disordered Kesterite phase and compositional fluctuations lead to spatially varying 

bandgap energy and broadened PL bands due to the broadening of the density of states functions 

for electrons and holes. Local potential fluctuations induced by different surroundings of defect 

clusters can also contribute to this broadening by TI and TT recombination mechanisms. This 

behavior can be explained by the heavily doped semiconductor model [25]. It is well-established 

that in CZTSSe, the band gap energy can fluctuate by approximately 100-200 meV due to the varying 

Cu-Zn ordering ratio in the Kesterite lattice [6]. The primary loss mechanisms in Kesterite bulk are 

attributed to intrinsic properties such as the existence of defect clusters as recombination centers 

or the presence of band tails that restrict the effective energy of photogenerated carriers and their 

transport. Although it has been claimed that tail states only minimally decrease the Voc, this is only 
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valid when radiative recombination is the main path, as tail states also contribute to non-radiative 

recombination, causing a further decrease in the room temperature Voc [12]. 

This study will prioritize the investigation of the BI band, as it is the most frequently observed 

recombination pathway in Kesterite.  

To proceed with additional measurements, the initial stage involves investigating the temperature 

dependence of the sample. This can be observed in Figure 3.6, which illustrates the variation in 

temperature ranging from 10 K to 200 K. 

  

 

 

  

 

 

 

 

 

 

 

As the temperature increases, the low-energy (LE) side of the spectrum displays a broad PL band 

with a Gaussian shape containing a redshift in the peak positions. When the temperature is 

extremely low, optically produced electrons tend to get trapped near shallow energy wells in 

proximity to Ec. At this point, the quasi-Fermi level reaches its maximum position. As the 

temperature rises, the electrons present in these shallow states begin to migrate toward deeper 

potential wells. This migration process results in a redshift of the PL band peak position with 

increasing temperature [86]. Furthermore, as referred to in [86]–[88]  the asymmetric PL band at 

low temperatures shows a sharper decay on the high-energy (HE) side. 

As a general rule, the shape of the LE side of asymmetric PL bands at low temperatures is primarily 

determined by the density of states (DOS) function ρ(E), while the shape of the high-energy side of 

the PL band is largely influenced by temperature-dependent Fermi distribution function f(E). There 

are two proposed models regarding the treatment of tails caused by fluctuations. The first model 

considers the tails as defects (BI), which is only applicable for sufficiently deep fluctuations. In this 

case, the density of states is assumed to be Gaussian in shape. The second model treats the tails as 

Urbach tails (BT), which leads to a representation of the density of states as an exponential decay 

([89]. Urbach tails appear in the optical absorption of various materials with different origins of 

disorder near the band edges. A possible explanation of these tails is presented, based on the 

Figure 3.6: Temperature dependence of PL spectrum from CZTSSe microcrystal. 
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assumption that the absorption coefficient, 𝛼(E), is dependent on the photon energy, E. The energy 

dependence of 𝛼(E) is assumed to follow that of the density of electron states, 𝜌(E), which has a 

tail reaching into the energy gap. When disorder has a correlation length approximately equal to 

the interatomic spacing and causes fluctuations in electron energies of the order of ~(eV)2, 𝜌(E) has 

the Urbach exponential form in the energy range where Urbach tails are observed. Therefore, any 

material with these characteristics of disorder should exhibit Urbach tails [90]. 

The integral intensity Φ of the PL band exhibits a decrease with increasing temperature, and this 

decrease follows a straightforward exponential pattern according to the Arrhenius plot where the 

dependence of ln Φ(T) versus 1000/T [91]. 

        Φ(𝑇) = 
Φ0

1+ 𝛼1𝑇
3

2⁄ + 𝛼2𝑇
3

2⁄ exp (
−𝐸𝐴
𝐾𝐵𝑇

)
                                                                                         (3.2) 

Where Φ is the integral intensity of the PL band, α1, and α2 are the process rate parameters, and EA 

is the thermal activation energy. Activation energy is the energy required to overcome the potential 

energy barrier between the reactants and products and initiate the reaction. The activation energy 

can be provided in various forms, such as heat, light, or mechanical force. In thermal reactions, the 

activation energy is typically provided as heat, and the reaction rate increases with temperature 

due to more particles having the required energy to overcome the activation barrier [92]. The 

thermal activation energy of our sample is demonstrated in Figure 3.7 and  EA = 121 ± 8 meV 

suggesting that the PL emission is caused by acceptor defects that are relatively deep. Based on the 

provided table [17] and the S/Se ratio, it can be inferred that the CuZn acceptor defect is the most 

likely defect involved, given the energy amount.  

 

 

 

 

 

 

 

 

 

 

The recombination mechanism expected in this context is the BI type, in which the occupation of 

acceptor levels is influenced by localized holes within potential wells created by bandgap and/or 

potential fluctuations, while electrons are considered free. It's worth noting that, at appropriate 

Figure 3.7: Equation (3.2) was used to fit the thermal quenching of integral intensity Φ. 
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temperatures and deeper bandgap fluctuations, electrons can also localize within potential wells 

created at the edge of the conduction band. The distribution of holes between potential wells with 

different depths is mainly influenced by the temperature. At very low temperatures, holes will 

mostly occupy shallow wells, giving rise to the HE part of the BI band. As the temperature increases, 

holes redistribute from shallow wells into deeper ones, causing the corresponding emission band 

to shift toward the LE. The presented Figure 3.8 illustrates a model of recombination for the BI band 

in CZTSSe microcrystals, where significant fluctuations in bandgap energy occur. It is important to 

note that the deeper potential wells for holes, as well as electrons, mainly impact the low-energy 

(LE) side of the PL band, whereas the shallow wells contribute more to the high-energy (HE) side. 

Redistribution of holes among different potential wells leads to a shift of the PL band towards the 

red and blue sides as temperature increases. 

   

 

 

 

 

 

 

 

 

 

As temperature increases, the PL band shifts towards the blue region as all the trapped holes 

become free and are captured by acceptor defects from the valence band. The distribution of these 

holes among various localized states impacts the shape and temperature dependence of the PL 

band, and comparable scenarios have been examined in other literature [93]. 

A distribution function for localized carriers is derived and a model for the luminescence of the 

localized-state ensemble (LSE) is developed in [94] for quantum dots with lattice temperature T. 

According to the model, the anomalies in the temperature dependence of the luminescence peak 

are caused by the thermal redistribution of localized carriers within the localized states.  

         I(E) ∝ 𝜌(E).f(E)                                                                                                           (3.3) 

 

Figure 3.8: A schematic model to illustrate recombination models in CZTSSe with strong bandgap fluctuation. 
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while a distribution function can be considered  

  𝑓(𝐸, 𝑇) = 
1

𝑒𝑥𝑝(
𝐸− 𝐸𝑎

∗

𝐾𝐵𝑇𝑒
∗ ) + 

𝜏𝑡𝑟
𝜏𝑟

                                                                                                  (3.4) 

For an LSE system with a Gaussian-type DOS, which may be caused by, e.g., fluctuations of alloy 

composition:  

𝜌(E) = 𝜌0 𝑒𝑥𝑝 [−
(𝐸− 𝐸0)2

2𝜎2 ]                                                                                               (3.5) 

Where 𝐸0 is a peak position and 𝜎 is the standard deviation of the distribution function of acceptor 

states, 𝐸𝑎
∗  represents a "marking" level, like a quasi-Fermi level, where all the localized states are 

filled with carriers, and 𝑇𝑒
∗ is an effective carrier temperature. In order to use the model for fitting 

the shape of the experimentally obtained PL band, it was necessary to apply the effective carrier 

temperature. While it is possible to extract a carrier temperature from the HE tail of the PL band in 

principle, the spectra can be broadened by phonon-related effects at higher lattice temperatures, 

hence the effective temperature is employed. As the depth of bandgap fluctuations increases, the 

significance of their role also increases. This implies that the carrier temperature obtained from PL 

spectra is typically higher than the actual carrier temperature. This difference is more prominent at 

higher temperatures. Hence, the term "effective carrier temperature" is utilized to account for this 

difference. The value of 𝜎 at T = 10 K is 79 meV, which can be considered as the average amplitude 

of fluctuations. In CZTSSe, the average depth of electrostatic potential fluctuations does not usually 

exceed 50 meV [65] indicating that bandgap fluctuations are likely the dominant factor in our 

sample. The reciprocal of 𝜏𝑟  represents the rate of radiative recombination, whereas the reciprocal 

of 𝜏𝑡𝑟  denotes the rate at which localized carriers attempt to escape. According to Figure 3.9 the 

outline of the HE tail of the PL band is primarily influenced by  𝑇𝑒
∗, while the width and extent of the 

distribution are affected by 𝐸𝑎
∗  and 

𝜏𝑡𝑟

𝜏𝑟
. 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: The temperature dependence of the shape of the f(E) function as determined by spectral 
fitting. 
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With the help of fitting with Equation (3.3) , the redshift of peak positions from 10 K to 120 K is 

depicted in Figure 3.10. 

 

 

 

 

 

 

 

 

 

The position of the PL band peak, Emax, undergoes a significant redshift as the temperature 

increases, with the fastest redshift occurring at low temperatures, reaching a minimum value at 

T=130K, and then starting to increase again at T>130K.The rate of this redshift at low temperatures 

is greater than the rate of CZTS's bandgap energy Eg dependence shown in Figure 3.11.  

 

 

 

 

 

 

 

 

 

It is assumed that the Eg(T) dependence in the CZTSSe samples used has a similar rate. 

Figure 3.10: An illustration of fitting spectra using Equation (3.3)  for two distinct temperatures 

Figure 3.11: The variation of peak positions of PL emission, Emax, and the 
bandgap energy of CZTS [100] with temperature 
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Figure 3.12 shows the temperature dependence of the half width at half maximum for the HE and 

LE sides, represented as HWHM-H and HWHM-L, respectively. 

 

 

 

 

 

 

 
 
 
 
 
 
The increase in temperature causes rapid growth of HWHM-H due to electron-phonon interaction 

and the variation of  𝑇𝑒
∗,  value, while the HWHM-L shows only a slight increase due to the 

temperature-independent nature of the 𝜌(E) function at low temperatures. As a result, the PL band 

becomes symmetrical and Gaussian in shape around T = 120 K, which is expected. 

The next step is analyzing the full width at half maximum (FWHM) dependence on temperature. An 

unusually rapid increase in the FWHM value with temperature is observed, which cannot be 

explained solely by electron-phonon interaction. Therefore, we anticipate that bandgap 

fluctuations also play a role through the effective carrier temperature  𝑇𝑒
∗. So, a model initially 

introduced by Lee et al.[95]can be used to identify the cause of the FWHM behavior with 

temperature in this case. Subsequently, the entire linewidth of the PL spectrum can be calculated 

using the formula: 

𝐹𝑊𝐻𝑀(𝑇) = 𝑊0 + 
𝑊1

[𝑒𝑥𝑝(
𝒽𝑤𝐿𝑂
𝐾𝐵𝑇

)−1]
 +  𝑊2𝑒𝑥𝑝 (−

𝐸𝑓𝑙

𝐾𝐵𝑇
)                                                             (3.6) 

Equation 3.6 consists of three terms. The first term represents inhomogeneous broadening, the 

second term represents the interaction between carriers and optical phonons 𝒽𝑤𝐿𝑂 is LO-phonon 

energy and is 41 meV for CZTS [73], then the third term represents the contribution of bandgap 

fluctuations to the broadening of the PL spectra. The parameter Efl represents the average depth of 

the potential wells, which can be thought of as the strength of the fluctuations in the system. As 

the temperature increases, shallower wells will be emptied, and deeper wells will become more 

significant, resulting in a wider energy distribution of potential wells and an increase in the 

linewidth of the PL band. Since the interaction with acoustic phonons is typically insignificant, it 

wasn't included. Atoms vibrate around their equilibrium positions in solid materials, and these 

vibrations result in phonons. Lattice vibrations that can convey energy and momentum are known 

Figure 3.12: Temperature dependence of HWHM values for low- and high-energy sides of PL band 
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as phonons. Solids include two different kinds of phonons: The atoms in the lattice move out of 

phase, with one moving to the left and its neighbor to the right, forming optical phonons. This 

happens if there are two or more atoms in the lattice basis. Because ionic crystal displacement 

fluctuations produce an electrical polarization that relates to the electromagnetic field, they are 

known as optical crystals. Since they are susceptible to being activated by the electric field of the 

light, the crystal will vibrate as every positive ion moves in the direction of the field and every 

negative ion moves in the opposite way. The energies of optical phonons match those of the 

photons that are absorbed or released during contact. A change in the longitudinal polarization of 

the lattice along the direction of wave propagation is what longitudinal optical phonons (LO 

phonons) do. On the other hand, acoustic phonons are the coherent motions of lattice atoms away 

from their equilibrium positions. Atoms will be closer in some places and farther apart in others if 

the displacement is in the direction of propagation. Similar to waves on a string, displacement is 

perpendicular to the propagation direction. With longer wavelengths, acoustic phonon frequencies 

tend to zero off. Acoustic phonons often have substantially lower energies than optical phonons 

[92], [96] .  

 

 

 

 

 

 

The parameters were used for fitting and the outcome is depicted in Figure 3.14. The Efl = 14.8 

meV is aligning with previous studies [97], which reported a similar energy range of 10 to 16 meV. 

 

 

 

 

 

 

 

 

 

Figure 3.13: A schematic illustration of Optical and Acoustic modes inside microcrystals [92] 

Figure 3.14: Temperature dependence of FWHM and the result of fitting using Equation (3.6). 
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The notion behind effective carrier temperature implies that the energy distribution of charge 

carriers can be described by the Fermi-Dirac distribution, but the effective carrier temperature  𝑇𝑒
∗  

is higher than the lattice temperature T, due to the relatively short minority photocarrier lifetime 𝜏 

, i.e.,  𝑇𝑒
∗  ~ 𝜏 −1 , a measure of recombination losses. The absorber of a hot carrier cell consists of 

a semiconductor with a narrow electronic band gap, allowing it to absorb a wide range of photon 

energies and give a high current. The majority of semiconductor materials have a hot carrier 

population of photogenerated electron-hole pairs, with most of the energy of the absorbed 

photons in the hot electrons, because of the small effective mass of electrons compared to holes. 

Hole dynamics are qualitatively similar but less important for energy extraction. However, in some 

compounds with a large difference in constituent element mass, there exists a large gap in the 

phonon dispersion between acoustic and optical phonon energies. An ideal hot carrier cell absorbs 

a wide range of photon energies and extracts a large fraction of the energy, resulting in high 

efficiencies close to the maximum thermodynamic limit, up to 65% at 1sun (85% at max 

concentration), by extracting ‘hot’ carriers before they thermalize to the band edges [98], [99]. The 

minority carrier lifetime (𝜏) is a critical parameter that determines the absorber quality of 

semiconductors. It measures the net recombination rate of minority carriers in a material, which 

can vary widely depending on the origin of limiting recombination. Therefore, it is important to 

identify and eliminate various loss mechanisms that hinder the improvement of 𝜏. The carrier 

transport properties, including carrier type, density, and mobility, are fundamental to all 

optoelectronic devices. For CZTSSe, a range of carrier properties have been reported, reflecting 

changes in stoichiometry, doping, fabrication method, and sample quality, as well as the choice of 

characterization method. If the minority carrier lifetime is very short, excited carriers with high 

temperatures will recombine before they can “cool down” to the lattice temperature T due to 

carrier-phonon interaction and carrier-carrier scattering. Kesterite compounds exhibit an extremely 

small actual lifetime of photoexcited carriers, not exceeding values of hundreds of picoseconds. 

Accurate determination of  𝜏 is quite challenging for highly defective materials like Kesterites, owing 

to their complex carrier transport and dynamics, as well as high recombination rates. For this 

reason, we anticipate high values of  𝑇𝑒
∗ [17], [100]. 

Equation (3.7) shows that the effective carrier temperature increases at low temperatures [86] : 

           𝑇𝑒
∗(𝑇) =   𝑇0

∗ + 
𝑎1

[𝑒𝑥𝑝(
𝑎2

𝐾𝐵𝑇
)−1]

                                                                                            (3.7) 

Where  𝑇0
∗ , 𝑎1, and 𝑎2 are fitting parameters and Figure 3.15 is depicted based on them. As the 

temperature decreases,  𝑇𝑒
∗  increases while 𝜏 decreases, which is a common trend for various types 

of recombinations. At 𝑇 = 110 K,  𝑇𝑒
∗  experiences a sudden decrease, indicating a shift in the 

recombination process. This is because all localized holes become unbound in this temperature 

range, leading to a change in the way holes are captured by acceptor levels. 
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The laser power dependency measurements at T=10 K was done on our sample and its PL spectrum 

is demonstrated in Figure 3.16 containing excitation change from 0.26 mW to 37.1 mW.  

 

 

 

 

 

 

 

 

 

 

The PL band peak position exhibits a blueshift of 15 meV per decade of laser power, which is a 

characteristic feature of semiconductor materials with potential and/or bandgap fluctuations. The 

observed blueshift can be attributed to the band-filling effect and/or the decrease in the effective 

carrier temperature with laser power.  

Figure 3.15: The temperature dependence of an effective carrier temperature and fitting 
result with Equation (3.7). 

Figure 3.16: The laser dependence of CZTSSe spectra at T =10 K demonstrates a blueshift of peak 
positions 
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The behavior of  𝑇𝑒
∗  at 10 K under various laser power is shown in Figure 3.17. 

 

 

 

 

 

 

 

 

 

 

It has been perceived that the effective carrier temperature  𝑇𝑒
∗ decreases linearly with increasing 

laser power. This trend indicates a longer carrier lifetime through the constant increase of laser 

power. 

The recombination rate, which is a function of excess carrier density, can be determined by 

summing the radiative, SRH, and Auger recombination rates. Subsequently, the minority carrier 

lifetime can be determined [101]. 

            
1

𝜏
 = 

1

𝜏𝑟𝑎𝑑
 + 

1

𝜏𝐴𝑢𝑔
 + 

1

𝜏𝑆𝑅𝐻
                                                                                                             (3.8) 

Where 𝜏𝑟𝑎𝑑 is radiative recombination lifetime, 𝜏𝐴𝑢𝑔 is a lifetime related to Auger recombination, 

and 𝜏𝑆𝑅𝐻 is a defect-related Shokley-Read-Hall (SRH) recombination lifetime. 

Radiative recombination is the dominant mechanism for recombination in direct bandgap 

semiconductors. It involves the direct combination of an electron from the conduction band with a 

hole in the valence band, which emits a photon. The emitted photon has a similar energy to the 

band gap, making it weakly absorbed and capable of exiting the semiconductor. Moreover, 

recombination through defects,  or SRH, involves a trap level or a defect energy level within the 

band gap. This two-step process begins with an electron (or hole) being trapped by an energy state 

in the forbidden region, which is introduced through defects in the crystal lattice. If a hole (or an 

electron) moves up to the same energy state before the electron is thermally re-emitted into the 

conduction band, then it recombines. The carrier’s rate of movement into the energy level in the 

forbidden gap is determined by the distance of the introduced energy level from either of the band 

edges. For this reason, energy levels close to either band edge reduce recombination since the 

electron is more likely to be re-emitted to the conduction band edge than recombine with a hole 

Figure 3.17: The laser dependency of the effective carrier temperature. 
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moving into the same energy state from the valence band. Mid-gap energy levels are very efficient 

for recombination. Finally, the process of Auger Recombination involves the participation of three 

carriers, wherein an electron and a hole recombine, but instead of releasing energy as heat or 

photon, a third carrier, an electron in the conduction band receives the energy, and then returns to 

the conduction band edge through thermalization. The lifetime of Auger recombination decreases 

as the material becomes more heavily doped [102]–[104]. 

In a classical study of SRH recombination [103], it was found that the lifetime of minority carriers 

caused by SRH recombination can increase under certain conditions, specifically with excess carrier 

concentration or increasing laser power. This contrasts with other types of recombination where 

the lifetime typically decreases with increasing laser power [101]. Therefore, the decrease of  𝑇𝑒
∗   

with laser power is attributed to the dominance of nonradiative SRH recombination at low 

temperatures. 
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4. CONCLUSION  
 

The aim of this study was to investigate the recombination mechanisms related to intrinsic defects 

of disordered CZTSSe microcrystals with the help of PL measurements. The spectrum we obtained 

is consistent with similar spectra found in the literature investigating order-disorder Kesterite. An 

asymmetric Gaussian spectrum exhibits a blueshift of peak positions as excitation increases and a 

redshift as temperature grows. The behavior of heavily doped semiconductors is significantly 

affected by the masses of electrons and holes due to the overlapping wave functions of these 

defects, resulting in a high doping concentration. The luminescence of these materials is governed 

not only by BB, BT, and BI transitions but also by TI and TT transitions. The high-energy side of the 

Kesterite PL band exhibits a sharp drop, whereas the low-energy side demonstrates an exponential 

rise. The presence of the disordered Kesterite phase and compositional fluctuations results in 

spatially varying bandgap energy by approximately 100-200 meV and broadened PL bands. This is 

due to the broadening of the density of state functions for electrons and holes, as well as local 

potential fluctuations induced by different defect cluster surroundings. CZTSSe is subject to band 

gap energy fluctuations due to the varying Cu-Zn ordering ratio. The primary loss mechanisms in 

Kesterite bulk are attributed to intrinsic properties such as the existence of defect clusters as 

recombination centers or the presence of band tails that restrict the effective energy of 

photogenerated carriers and their transport. The primary focus of this study was to examine the BI 

band, which is the most observed recombination pathway in Kesterite. To further investigate, the 

first step was to analyze the temperature dependence of the sample ranging from 10 K to 200 K. At 

extremely low temperatures, optically produced electrons are trapped near shallow energy wells 

and the quasi-Fermi level reaches its maximum position. As the temperature increases, the 

electrons start to move towards deeper potential wells, leading to a redshift in the peak position of 

the LE of the spectrum. As per previous studies, the asymmetric PL band displays a sharper decay 

on the HE at low temperatures. The most likely acceptor defect in our sample is CuZn, based on the 

thermal activation energy of EA = 121 ± 8 meV, which suggests the presence of relatively deep 

acceptor defects. The researchers derived a distribution function for localized carriers and proposed 

a model for luminescence of the localized-state ensemble in quantum dots, with a lattice 

temperature of T. The model assumes that all localized states are filled with carriers, and introduces 

an effective carrier temperature, 𝑇𝑒
∗. To fit the experimentally obtained PL band, the effective 

carrier temperature needed to be applied. The dominant factor is likely the bandgap fluctuations, 

as indicated by the average amplitude of fluctuations in our sample at 10 K, which was measured 

to be 79 meV. The Emax in CZTSSe undergoes a substantial redshift as the temperature rises, with 

the most rapid shift occurring at low temperatures, reaching a minimum value at T=130K, and then 

beginning to increase again at T>130K. It was assumed that the Eg(T) of CZTSSe samples used have 

a similar rate to CZTS one. The effective carrier temperature is higher than the lattice temperature 

due to the short photocarrier lifetime, which results in recombination losses. The Kesterite 

compounds have a short lifetime of photoexcited carriers which is difficult to determine due to 

complex transport and dynamics, leading to high recombination rates. This indicates high values of 

𝑇𝑒
∗. At a temperature of 110 K, 𝑇𝑒

∗ experiences a sudden decrease, indicating a shift in the 

recombination process. 
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The position of the PL band peak undergoes a blueshift of 15 meV per decade of laser power, which 

is a characteristic of semiconductors with potential and/or bandgap fluctuations. This blueshift can 

be caused by the band-filling effect and/or the decrease in 𝑇𝑒
∗ with laser power. The lifetime of 

minority carriers caused by SRH recombination can increase under certain conditions, such as 

excess carrier concentration or increasing laser power, according to a classical study of SRH 

recombination. This contrasts with other types of recombination where the lifetime usually 

decreases with increasing laser power. As a result, the decrease of the effective carrier temperature 

with laser power is attributed to the prevalence of nonradiative SRH recombination at low 

temperatures. 

In summary, the photoluminescence band of highly doped CZTSSe synthesized under Cu-poor Zn-

rich condition suggests that the presence of both disordered and ordered phases in these 

microcrystals results in significant bandgap fluctuations and recombination mechanisms’ rate. As a 

result, there is a short lifetime of photoexcited carriers and high effective temperature of them, 

which ultimately leads to relatively low Voc and efficiency. 

The findings of this study on the photoluminescence of CZTSSe, have been published in a paper 

titled ‘Bandgap Fluctuations, Hot Carriers, and Band-to-Acceptor Recombination in Cu2ZnSn(S,Se)4 

Microcrystals’ by Professor Jüri Krustok, Reelika Kaupmees, Nafiseh Abbasi, Katri Muska, Idil 

Mengü, and Kristi Timmo in Physica Status Solidi-Rapid Research Letters journal, doi: 

10.1002/pssr.202300077, 2023. The full citation of this paper is included in the reference section 

of this thesis [105]. A copy of the published paper can also be found in the appendix. 
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SUMMARY 
 
The aim of this master’s thesis is to investigate the defect structure and related recombination 

mechanisms in disordered CZTSSe monograin powders by utilizing Raman and photoluminescence 

spectroscopy. According to synthesizing steps, three samples named as-grown, etched, and 

annealed were analyzed. 

EDX analysis showed that the crystals had a Cu-poor Zn-rich elemental composition, and the 

distribution of elements was homogeneous across all crystals with no significant fluctuations 

observed. The room-temperature Raman spectroscopy was utilized to study the phase composition 

and structural quality of the monograins. Each sample spectrum contained 11 individual peaks. The 

ZnSe secondary phase was identified the was confirmed by EDX analysis too. 

Photoluminescence measurements were conducted at room temperature and 8 K for all three 

samples. The annealed sample showed significantly larger peak intensities, particularly on the 

higher energy side, which suggests its potential as the most interesting sample to delve deeper into.  

Further investigation into the recombination mechanisms of the disordered annealed sample was 

conducted by performing temperature-dependent photoluminescence measurements from 10 K to 

200 K. By utilizing a modified localized-state ensemble model, the resulting spectra displayed the 

typical asymmetric Gaussian shape for Kesterite and revealed a redshift with increasing 

temperature. This PL band’s temperature dependence is shown to be affected by the transfer of 

holes between valence band potential wells of different depths.The main recombination 

mechanism was found to be BI, with an average fluctuation amplitude of 𝜎= 79 meV, highlighting 

the significant band fluc’uations present in our sample. The CZTSSe microcrystals exhibited a 

thermal activation energy of EA = 121 ± 8 meV, indicating that the PL emission is likely caused by 

relatively deep acceptor defects. Based on the activation energy range, it is likely that the CuZn 

acceptor defect is the most plausible candidate for the observed defect. The introduction of an 

effective carrier temperature ( 𝑇𝑒
∗) allows for a good fit of the band shape at different temperatures. 

The temperature was found to be about 300 K higher than the lattice temperature in the samples, 

primarily due to the extremely short minority carrier lifetime.  A trend was observed in its behavior, 

indicating that its value increases with decreasing temperature. However, a sudden decline in the 

effective temperature after T = 110 K suggests a shift in the recombination process. Upon varying 

the laser power from 0.26 to 37.1 mW, a characteristic blueshift of peak position by 15 meV per 

decade was observed, which is indicative of potential and/or bandgap fluctuations in the 

semiconductor material. The observed blueshift may be attributed to either the band-filling effect 

or the decrease in effective carrier temperature with laser power. At the end of the analysis, the 

minority carrier lifetime was determined, revealing that the decrease in  𝑇𝑒
∗ with laser power can 

be attributed to the prevalence of nonradiative SRH recombination at low temperatures. 
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