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In this study, two series of (Cu1-xAgx)1.85(Zn1-yCdy)1.1SnS4 kesterites with varying Ag and Cd-

contents were synthesized in molten potassium iodide from binary chalcogenides and 

elemental Sulphur by using mongorain powder growth technology. The overall aim of this 

study was to investigate the effects of double cation substitution of Cu and Zn respectively 

with Ag and Cd to the CZTS properties. The main objective was to find out the optimum initial 

compositional ratios of [Ag]/([Cu]+[Ag] and [Cd]/([Zn]+[Cd] for the growth of (Cu1-

xAgx)1.85(Zn1-yCdy)1.1SnS4 (ACZCTS) monograin powder crystals in molten potassium iodide to 

achieve the highest performance of ACZCTS MGL solar cells. The findings of this study provide 

that the positive effect of Ag in MGL solar cells appears only at very low concentration ratios 

and is detrimental to the performance at higher level. As a result, the solar cell efficiency of 

8.73% was achieved by using MGL solar cells based on ACZCTS monograin powder with the 

initial compositional ratios of [Ag]/([Cu]+[Ag]) = 0.01 and [Cd]/([Zn]+[Cd] = 0.2. 

 

Key Words: kesterite, monograin powder technology, Ag substitution, Cd substitution, solar 

cells  
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List of abbreviations, symbols and their meanings 

 

CZTSSe Copper Zinc Tin Sulfide/Selenide 

CIGS Copper Indium Gallium Selenide Cu(In,Ga)Se2 

CdTe Cadmium Telluride 

Eg* Effective band gap energy 

Ef  Fermi level 

EDX Energy-dispersive X-ray spectroscopy 

EQE External Quantum Efficiency 

FF Fill Factor 

Jsc Short-circuit current density 

KI Potassium Iodide 

MGL Monograin layer solar cell 

MGP – Monograin powder 

PV Photovoltaics 

PCE Power Conversion Efficiency 

QE Quantum Efficiency 

SEM Scanning Electron Microscopy 

Voc Open-circuit voltage 

XRD X-ray Diffraction 
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INTRODUCTION 

Energy is one of the defining challenges of our time. Currently, at least 70 % of the world’s 

energy is largely produced by fossil fuels which contributes to global warming due to carbon 

emissions. The advent of renewable energy technologies has given us a great hope as their 

incorporation can assist to reduce the dependency on fossil fuels. 

Furthermore, as the world’s population and industries continue to grow, this will put significant 

demands on our planet’s limited resources including fossil fuels thus creating a high possibility 

of energy insecurity and even emissions. The use of Renewables doesn’t only help to curb 

Carbon emissions but, also helps to provide dependable energy security. 

Some renewable energy sources/technologies have been identified: Hydro-power, Wind, 

Solar, Geothermal and Biomass. These sources of renewables will play a key role in the energy 

of the future. This research will address the Solar energy aspect of renewable technologies. 

The process of converting sunlight directly into electricity using solar cells is called 

photovoltaics (PV). Photovoltaics is a sustainable means of producing energy since it does not 

use any fossil fuel but the Sun. However, for PVs to be reliable, the constituent materials must 

be earth-abundant and the production technology affordable with overall minimal 

environmental impact. These demands gave rise to the second generation of photovoltaics, 

i.e., thin-film-silicon, cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) 

where cost, raw materials availability and environmental impact were of paramount 

importance. Improving these three factors directly relates to the desired human empirical 

sustainability outcomes of security, opportunity, health from affordable, abundant clean 

energy, which has cross-societal, multi-regional, and transgenerational dimensions [1]. 

A thin film solar cell is usually identified by its absorber layer (the p-type semiconductor) 

which significantly influences the cell’s properties and thus, the need to develop new absorber 

layers with improved properties while achieving the three measures of cost reduction, 

resource availability and environmental impact as described above. Cu2ZnSnS4 (CZTS) is a 

strong candidate for this and the aim of this study is to investigate a couple of ways its 

properties can be enhanced to make it a wholly dependable candidate material for thin film 

solar cells of the future.  

Kesterites Cu2ZnSn(S,Se)4 (CZTSSe) are quaternary semiconductor compounds used as solar 

cell absorber materials. The promising features of CZTSSe is that it comprises of earth 

abundant and nontoxic materials, however, the power conversion efficiency of CZTSSe is still 
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considerably lower than CIGS and CdTe, with laboratory cell records of 11% [2] for the 

conventional Cu2ZnSnS4 structure, 12.6% [3] for Se-alloying kesterite based design, and 

11.5% [4] have been recorded for Cd-containing Cu2ZnSnS4 solar cells. The low efficiency of 

these materials is mainly caused by Voc deficit which is attributed to many factors, including 

different type of defects (point defects, vacancies, antisites) occurring within its crystal lattice, 

formation of secondary phases and poor synthesis methods resulting to the material not 

attaining the Shockley-Quisser limits of its respective solar parameters. Many methods have 

been proposed on how the presence of defects and secondary phases in kesterites can be 

reduced thus improving its solar cell properties. Among those methods is partial substitution 

of the individual elements in Cu2ZnSn(S,Se)4 with elements of same valency but different 

ionic radii with the aim to increase the formation energy of antisite defects. The objective of 

this research is to study the impact of double cation partial substitution of Cu with Ag and Zn 

with Cd to the Cu2ZnSnS4 properties by using monograin powder technology with the aim to 

increase the performance of monograin layer solar cells.  
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1. LITERATURE REVIEW 

 

1.1  Working Principle of a Solar Cell 

What is Photovoltaics? 

Photovoltaics involve the direct conversion of light into electricity at the atomic level. There 

are materials known to exhibit a property known as the photoelectric effect which causes 

them to absorb photons of light and release electrons. When these free electrons are captured, 

an electric current result that can be used as electricity [5]. 

The diagram below (Fig 1.1) illustrates the operation of a basic photovoltaic cell, also called 

a solar cell. Solar cells generally comprise of a p-type material (holes in excess) and an n-

type material (electrons in excess) joined to produce a p-n junction where an electric field is 

generated. When incident light energy of appropriate frequency strikes the cells, electrons 

are liberated and are thus captured in the form of an electric current that is electricity. This 

generated electricity can in turn be used to power any load such as light, tools or even saved 

for future use in batteries [5]. 

 

Fig 1.1 Illustration of working principle of a typical solar cell [6]  
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1.2 Review of solar cell absorber materials 

As most of the energy in sunlight and artificial light is in the visible range of electromagnetic 

radiation, a solar cell absorber should be efficient in absorbing radiation at those wavelengths. 

Materials that strongly absorb visible radiation belong to a class of substances known as 

semiconductors. Semiconductors in thicknesses of about one-hundredth of a centimeter or 

less can absorb all incident visible light; since the junction-forming and contact layers are 

much thinner, the thickness of a solar cell is essentially that of the absorber. Examples of 

semiconductor materials employed in solar cells include silicon, gallium arsenide, indium 

phosphide, and copper indium selenide [7]. Thus, the main component of any solar cell device 

is the PV absorber material, which absorbs sunlight and transports the resulting charge 

carriers to electrical contacts. Currently, the most commonly used solar cell absorber is thick 

(∼100 μm) multicrystalline silicon (Si) due to its high efficiency (>20%), low cost (<0.5 $/W), 

and good reliability (<25 years). The closest commercial competitors for terrestrial application 

are CdTe and Cu(In,Ga)Se2 (CIGS) thin-film solar cells that are as efficient yet use ∼100× 

less absorber material compared to Si [8]. Aggressive development of non-silicon-based PV 

materials has changed the PV landscape, offering exciting near-term cost reductions for 

material systems like copper indium gallium selenide (CIGS) and cadmium telluride (CdTe). 

Quantifying material cost and the availability of these and other emerging material systems 

provides a critical metric to guide future research and development decisions toward a greatly 

expanded solar cell industry of the future [9]. 
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Fig. 1.2 Critical Raw Materials (CRMs) as a function of their economic importance and supply risks [10] 

 

However, reliable and unhindered access to certain raw materials is a growing concern within 

the EU and across the globe. To address this challenge, the European Commission created a 

list of critical raw materials (CRMs) for the EU, which is subject to a regular review and update 

[11]. 

Unfortunately, Indium and Gallium which are components of CIGS and Tellurium which is a 

component of CdTe thin film solar cells were amongst the CRMs listed thus, creating the need 

to develop new CRM-free absorber materials for solar cells. This requires an upstream design 

and development of solutions using exclusively CRM-free technologies, together with 

sustainable processes based on circular economy to ensure the long-term sustainability of 

these new technologies. In this context, several fully inorganic PV technologies based on earth 

abundant elements have been identified and investigated in the past years, each of them to 

extent and with more or less success, aiming to figure out whether it is possible to reach a 

cost‐efficient and competitive power conversion efficiency (PCE) fully inorganic technological 

solution using exclusively earth abundant elements [12] hence, due to the future requirement 
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of solar cells in terms of cost reduction, resource availability and environmental impact, CZTS 

was borne [13]. 

 

1.3 Properties of CZTS 

Kesterite Cu2ZnSnS4 (CZTS) is currently the most promising absorber material emerging fully 

inorganic thin film photovoltaic technology based on critical raw‐material‐free and sustainable 

solutions [12]. The key property of any solar cell is its capability to absorb effectively wide 

spectrum of photons contained in solar radiation reaching its active surface. This feature 

depends on intrinsic optical and electronic properties of the semiconductor material used as 

the absorber layer in the cell. Absorption is described by wavelength dependent value of the 

absorption coefficient; the parameter being directly related to the semiconductor's energy 

band gap and structure [14]. Cu2ZnSnS4 has suitable photo-absorption properties, including 

band gap energy of 1.4 to 1.5 eV [15] and high absorption coefficient of >104 cm−1 [16] which 

makes it alternate potential candidate for use as p-type semiconductor in thin film solar cells. 

1.3.1 Crystal structure 

The unit cell of the quaternary semiconductor compound Cu2ZnSnS4 (I2-II-IV-VI4) is similar 

to the tetragonal chalcopyrite-type structure of CuInS2 (space group 𝐼42𝑑). The unit cell of 

CZTS can be obtained from CuInS2 by replacing In with Zn and Sn, this replacement as 

pointed out before, is desired in view of the limited sources and relatively high costs of In 

[12]. CZTS has been found in several crystal structures. Two principal tetragonal structure 

types are known: the kesterite (space group 𝐼42𝑚) and stannite (space group 𝐼4) according 

to the varying positions of Cu and Zn in the crystal lattice as shown in the images below (Fig 

1.3 left and middle) [17]. Additionally, a disordered kesterite phase has been observed, in 

that case copper and zinc atoms in the kesterite structure are randomly distributed (Fig 1.3 

right). Fig 1.3 shows the crystal structures of the CZTS compound where the presence of the 

individual elements is shown at their respective co-ordinates in the crystal lattice. It can be 

seen that in the case of kesterite (left), Cu is present in all the corners while for stannite 

(middle), Zn is at the center and at the top and bottom of the crystal lattice, Sn can be seen 

at the top and bottom of the other two sides while S atoms are placed at the center near the 

Cu atoms. Presence of the atoms in the lattice crystal reflects the ratio of each element [18]. 
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Fig 1.3 Crystal structures of Cu2ZnSnS4: kesterite (left), stannite (middle) and disordered kesterite 

(right) [17] 

 

1.3.2 Synthesis methods of CZTS  

The solar cell properties of CZTS materials can be improved via precise control of composition 

and phase purity during the synthesis. Synthesis methods of CZTS absorber material and 

device fabrication could be classified into solid state reaction (mainly vacuum-based) and 

solution-based technology.  

Pulsed laser deposition (PLD) has been used to synthesize CZTS and according to the study 

in [19], this synthesis method generally involves the formation of the CZTS target, irradiation 

of laser beam on the target and annealing of the prepared films. The CZTS target is performed 

by solid state reaction of binary chalcogenide precursor powders: Cu2S, ZnS and SnS2 are 

mixed in the ratio of 1:1:1 followed by annealing at 750 °C. A high-powered pulsed laser 

beam is used to evaporate the formed CZTS pellet and deposit on an already prepared 

substrate which could be Molybdenum or soda lime glass. Then comes the post treatment 

stage of the as-deposited films as in the case of most synthesis methods of CZTS including 

annealing and other processes to improve the crystallinity and in general, enhance the cell 

properties. The PLD approach offers the advantage of congruent stoichiometric transfer from 

the target to the films and is very suitable for multi-elements containing compounds such as 

the CZTS [20]. 
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Sputtering is another common method used for preparation of CZTS thin films. It generally 

involves stack deposition of the precursor elements followed by sulphurization in a Sulphur-

rich atmosphere to complete the formation of the CZTS compound. Different sputtering 

methods has been widely used to synthesize the CZTS material. In the case of modified 

sputtering method as described in [21], Cu/ZnS/SnS precursors were co-sputtered on Mo-

coated soda lime glass using a magnetron sputtering system after which they were subjected 

to sulphurization. The co-sputtering process is an effective way of mixing the three target 

materials thoroughly at the nanoscale which promotes faster reaction during the annealing 

process [22]. In the single sputtering process [23], the CZTS precursors were deposited at 

room temperature by an RF Magnetron sputtering technique after which the resulting film was 

annealed in an atmosphere of H2S and N2. 

The evaporation technique is much similar to the Sputtering technique. The major difference 

is that in evaporation, the particles of the target material are displaced by heat, unlike in 

sputtering that uses energetic particles of a plasma or gas to displace the material. There has 

been CZTS synthesis done by the combination of both methods as shown in the study [24] 

where the precursor films were firstly synthesized using elemental Cu, Zn and Sn after which 

they were deposited through an inductively coupled plasma assisted co-evaporation in a 

vacuum chamber. The CZTS films formation was finished by sulphurization through annealing 

in a sealed tube containing elemental Sulphur powder. In the study, the XRD analysis 

indicated that the plasma assisted evaporation technique could improve the properties of films 

crystallinity. 

Other methods have also been used in synthesizing the CZTS compound such as in [25] where 

direct liquid coating of solution precursors was used while in [26], CZTS thin films was 

synthesized by single step electrodeposition technique from aqueous electrolytic bath 

containing 0.02 M CuSO4, 0.01 M ZnSO4, 0.02 M SnSO4 and 0.02 M Na2S2O3 at room 

temperature without stirring in a conventional three-electrode electrochemical cell assembly. 

In [27], the thin film was synthesized from metal chloride precursors, sulfur and oleylamine 

(OLA), as a ligand by a simple and low-cost hot-injection method. 

 

 

 

 



 
 

16 
 

Table 1.1 Progress of power conversion efficiency of CZTS-based solar cells using different deposition 

methods [28] 

Deposition Absorber Institute PCE 

(%) 

Voc 

(mV) 

Jsc 

(mA/cm2) 

Eg (eV) 

 

 

Sputtering 

CZTS NNCT (Japan) 6.77 610 17.9 1.45 

CZTSSe Stanford and AQT 

Solar 

9.3 520 28.3 1.12 

CZTSSe Solar Frontier 

(14cm2) 

10.8 502 33.5 1.2 

 

Evaporation 

CZTSe NREL (USA) 9.15 377 37.4 1.0 

CZTSSe IBM (USA) 8.9 385 42.6 1.15 

Electrodeposition CZTSe IBM (USA) 7.3 567 22 8 

Sol-gel CZTS Yonsei University 

(Korea) 

5.1 516.9 18.9 1.5 

PLD CZTS CNU (Korea) 4.13 700 10.01 1.54 

Nanoparticle 

based 

CZTSSe IBM (USA) 12.6 513 35.2 1.13 

 

In summary, there have been a very wide range of technologies and methods used for 

synthesizing of CZTS thin films and the technology or method used will influence the choice 

of precursor materials and thus, the resulting quality (crystallinity, solar cell properties, etc) 

of the thin films. The table below shows the highest efficiencies achieved for CZTS thin films 

by different groups using different synthesis methods. The world record of 12.6% PCE was 

reached for CZTSSe which was synthesized by hydrazine solution method [3]. 

1.3.3 Phase composition of CZTS 

Occurrence of secondary phases is always a concern during the synthesis of CZTS. This is so 

because the homogeneity region for CZTS compound in phase diagram (see Figure 1.4) is 

only in a small range. Any slight deviation from the optimal growth conditions (input 

composition, temperature) will, therefore, result to the formation of unwanted secondary 

phases like ZnS, Cu2SnS3, SnS, SnS2 and Cu2S [29]  [30] Thus, systematic control of the used 

synthesis method is important to provide absorber materials with homogeneous composition 

and good crystallinity, and finally improved solar cell properties. Fig 1.4 below shows the 

stringent but necessary composition and conditions that should be met for growth of 

kesterites [31]. It is the phase diagram of the CZTS pseudo-ternary system consisting of the 

binary chalcogenides: CuS, ZnS and SnS in the ratio of 50:25:25, respectively. As can be 
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seen in the Fig. 1.4, the CZTS phase (black dot in the image) can be existent in a very narrow 

range of stoichiometric ratios. Thus, implying that any deviation will result to formation of 

secondary phases. Regarding the ZnS and CuS (left side of the image), it can be seen that 

the kesterite is favored at the 55% mark which has been found to be at the Cu/Zn+Sn = 0.75 

ratio, it is seen that around the 45% mark, the ratio increases to 1.25 thus implying that 

going upwards will result to a more Cu-rich region tending to favour the formation of 

secondary phase of CuS. Regarding ZnS and SnS (base side of the image), the kesterite phase 

was found to be stable for the Zn/Sn ratio of 0.80-1.35, a very high Zn-ratio or very poor Zn 

ratio will result to the kesterite losing its stability and thus lead to the formation of ZnS (for 

the case of high Zn/Sn ratio) or SnS (for the case of very poor Zn ratio that is high Sn ratio). 

Regarding CuS and SnS (right side of the image), a high content of CuS compared to the 

content of ZnS would lead to the formation of ternary secondary phase Cu2SnS3 (CTS) thus, 

it is quite evident that a CZTS is favoured by a Cu-poor region. 

 

Fig 1.4 Phase diagram of the CZTS pseudo-ternary system consisting of the binary chalcogenides: CuS, 

ZnS, SnS in the ratio of 50:25:25, respectively [31] 
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1.4 Defects in CZTS 

CZTS is a promising thin film material due to its composition of earth-abundant, non-toxic 

elements, low production costs. However, the maximum efficiency ever recorded for it or its 

derivative 12.6 % is quite low compared to efficiencies of other thin film solar cells such as 

for CIGS 23.3 % and for CdTe 22.1% [32]. Therefore, it is essential to reframe the 

understanding on the factors leading to this deficiency in PCE.  

The presence of various deleterious defects has been the underlying cause of the poor 

performance of many emerging thin film solar cells including CZTS, even the record 12.6% 

PCE attained about 80% of the Shockley-Quisser limits for short-circuit current (Isc) and Fill 

Factor (FF) while 59% of Shockley-Quisser limit for the open-circuit voltage (Voc) [33]. The 

reasons for the low Voc and therefore also for low PCE could be secondary phases, bulk anti-

site defects, interface defects/band alignments, shorter carrier lifetimes, etc [33], [34]. 

Off-stoichiometry is another possible cause of poor PCE which may arise as a result of any or 

some of the aforementioned defects. The stoichiometric ratio of Cu, Zn, Sn and S or (Se) 

elements in Cu2ZnSn(S,Se)4 is 2:1:1:4, therefore under ideal conditions Cu/(Zn+Sn) = 1, 

Zn/Sn = 1 and (Cu+Zn+Sn)/S = 1. However, most of the synthesized CZTS absorber 

materials have Cu/(Zn+Sn) ratio between 0.75 and 1, and Zn/Sn ratio between 1 and 1.25, 

with deviation as large as 30%. All the cells with efficiencies higher than 8% have these two 

ratios around 0.8 and 1.2, respectively, meaning that materials have been prepared with a 

Cu-poor and Zn-rich conditions.  

One of the possible causes of off-stoichiometry is due to the presence of secondary phases 

which may be re-occurrence of some of the precursor materials used in the synthesis of the 

compound as mentioned in 1.3.3. For samples without secondary phases, non-stoichiometric 

results may be caused by a host of intrinsic defects or vacancies which may include Cu, Zn, 

Sn or S vacancies and their interstitial counterparts. These defects result to the 

aforementioned ratios deviating from unity [35]. The record maximum PCE for a Kesterite 

compound CZTSSe which was achieved by IBM in 2014 using the compositional ratios 

Cu/(Zn+Sn) =0.8 and Zn/Sn= 1.1 with no intentional doping [36]. The most probable antisite 

defect is the CuZn or ZnCu antisite defect which is as a result of low formation energy due to 

the similarity between the covalent radii of Cu and Zn. These samples always show a p-type 

behavior and when a p-n junction is formed from the p-type CZTS and n-type buffer layer, 

the p-type CZTS will lack effective p‐to‐n type inversion near the p–n junction interface due 

to a very high concentration of formation of CuZn antisites at interface, this pins the Fermi 
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level at the middle of the band gap resulting to the deficiency in Voc [37], [38]. It was found 

that for low Cu chemical potentials, the formation energy of the deeper CuZn defect was found 

to increase whereas the formation energy of the shallower vacancy VCu was found to decrease. 

[37] To lower the CuZn, ZnCu antisite related defects, Cu-poor/Zn-rich growth conditions are 

required to fabricate the solar cell with improved properties. However, the most-likely 

formation of secondary phases such as ZnS, high concentrations of Cu vacancies and off-

stoichiometry will beat this purpose hence the need to develop alternative ways to remove 

these defects [38]. The presence of defects and impurities in chalcogenide semiconductor 

absorber layers as discussed above, can alter (improve or lower) the physical and electronic 

properties such as band gap, conductivity, photon absorption, trap level energy as well as 

external quantum efficiency, and open circuit potential of photovoltaic devices [39]. This will 

be discussed in detail in the next chapter. 

 

1.5 Doping and alloying of kesterites  

The purpose of doping and alloying of Kesterites is to improve their solar cell properties. The 

motivation behind doping is to improve the cell behavior by way of changing its electronic, 

electrical, charge transport and interface properties without altering the crystal structure and 

its optical properties. Alloying on the other hand implies the isoelectronic cation substitution 

to introduce ionic size mismatch mostly in atoms that have similar radii as will be discussed 

later. As can be seen from the periodic table (Fig 1.5), Group 1A metals which are the alkaline 

metals have been identified as candidate materials for use in doping of kesterites. 
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Fig 1.5 Periodic table showing some doping and alloying elements used in kesterites [36] 

 

Alkaline doping of kesterite materials is one way to reduce the high Voc deficit of solar cells by 

improving the cell’s optoelectronic properties [40]. In [41], it was observed that Na addition 

to the CZTS resulted to an increase in Voc and fill factor as well due to a removal of surface‐

near defects and an enhancement of the doping concentration. Ionic radii of Li and Cu are 

quite similar and thus, makes it the best candidate material among the alkali metals to be 

incorporated into the kesterite lattice sites to influence its properties [36]. In the investigation 

of the impact of different Li content in (LixCu1-x)2ZnSn(S,Se)4 (x = 0 - 0.12) the best PCE of 

11.6% was achieved with x value of 0.06 due to the increase in carrier concentration [42]. 

However, the Li addition to the kesterite resulted in the decrease of Voc. In the case of K, due 

to dissimilarity in its ionic radius resulting to a high substitution energy, it cannot form a solid 

solution with kesterite [43]. However, as reported in the study of the impact of K on solution 

processed kesterite [44], K increased the carrier density, improved carrier collection, 

accumulates at the CdS/CZTSSe interface thus, passivating the front interface and grain 
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boundaries, which resulted to the enhancement of Voc and Jsc and hence an improvement of 

the PCE, it is pertinent to know that the best PCE of K-doped kesterite was found to be 7.78 

% for 1.5 mol % of K. Rubidium (Rb) and Cesium (Cs) just like Potassium (K) have far larger 

radii than elements in kesterite and thus, this limits their doping density and in turn, will be 

more difficult for an increase in carrier density compared to the other lighter alkali metals 

however, larger atoms like Rb and Cs are favorable for the reduction of nonradiative 

recombination and the growth of large grains due to the relative low melting point of their 

binary selenides [45][36]. 

Comparing the five alkaline dopant metals mentioned above, it was found that the alkaline 

concentration resulting in highest device efficiencies is lower by an order of magnitude for the 

heavy alkali elements (Cs, Rb) as compared to the lighter ones (K, Na, Li) that is to say that 

the lighter metals required more fraction in the kesterite material than the larger elements. 

Furthermore, from Cs to Li, the metal ratio of nominal Sn concentration (Sn/Cu+Zn+Sn) 

required for best device properties increased from 26.5 to 33.3%, a ranking of best device 

performances employing alkali treatment resulted in the order of Li > Na > K > Rb > Cs based 

on the statistics of more than 700 individual cells. A PCE of 11.5% (12.3% active area) was 

achieved using a “high” Li concentration with an optimized Sn content [40]. 

It was found in the study [46] that alloying of Mg in kesterite compound 

Cu2Zn1−xMgxSn(S,Se)4 (x = 0 to 1) maintained the kesterite phase at Mg contents up to 0.04 

whereas higher Mg contents resulted to the phase separations into Cu2SnSe3, MgSe2, MgSe 

and SnSe2. On further comparison to Mg-free samples, it was found that low content of Mg 

can result to an improvement in the grain growth, increase in acceptor density while causing 

a reduction in the number of structural defects. However, the best PCE for an Mg-alloyed 

kesterite material was 7.2% which is quite low compared to the PCEs of kesterite materials 

doped with alkali metals.  

Germanium has been found to be a candidate alloy material for incorporation in kesterites. It 

was reported in [47] that controlled cationic atomic ratio of Ge/(Sn + Ge) can result to band 

gap grading of the kesterite material where the PCE of the Cu2Zn(Sn1−xGex)Se4 with the ratio 

of Ge/(Sn + Ge) = 0.39 was found to be 10.03% with an Eg of 1.19 eV and Voc of 0.54 V. 

Further study of the impact of Ge in kesterite as presented by [48] resulted to a PCE of 12.3%, 

a high FF of 0.73, improved Voc deficit of 0.583 V, the high FF and Voc were respectively due 

to reduced carrier recombination at the p-n junction and band gap grading of the Ge/(Sn + 

Ge) ratio as mentioned earlier. 
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Manganese (Mn) offers to be a competitive alloy material for kesterite due to its isovalency 

with Zn, provides high cation radii mismatch compared to its fellow transition metals like Fe, 

Co and Ni and in addition, it is more abundant than Zn. The highest PCE as reported for Mn-

alloyed CZTS materials stand at 5.7% at Mn content of 15% from Zn [49] while 8.9% for Mn 

content of 5% in CZTSSe [50] The improvement is attributed to the improved grain growth, 

better interface between absorber and buffer layers, and a change in majority defects from 

CuZn to VCu [36][49][50]. 

1.5.1 Ag and Cd partial substitution 

Owing to the defects found in kesterites resulting to a Voc deficit, cation substitution has been 

regarded as one of the ways to alleviate defects which involves altering of the formation 

energy of CuZn, ZnCu antisites and by also, altering the formation of secondary phases like 

ZnS that are detrimental to the performance of the solar cells [51]. 

In the case of substitution of Ag for Cu, as the radius of Ag+ (1.14 Å) is much larger than that 

of Cu+ (0.74 Å) and Zn2+ (0.74 Å), this makes it a favorable material to replace Cu. The 

energy of formation of AgZn in Ag2ZnSnS4 (AZTS) is higher than the energy of formation of 

CuZn in CZTS, thus, suppressing the tendency of antisite defects compared to pure CZTS 

[52][36][53]. 

Similarly, to the Ag alloying of kesterite material, the purpose of Cd alloying to the kesterites 

is to reduce the impact of CuZn and ZnCd antisite defects which forms as result of the similar 

ionic radii of Cu and Zn where atoms of each element have high tendencies of substituting 

one another in the kesterite lattice. Cd2+ has larger ionic radii of 0.92 Å than that of Cu+ and 

Zn2+ and thus like in the case of Ag has the capacity to increase the energy of formation of 

CuCd and CdCu antisite defects causing a reduction in the disorder and band tailing 

discrepancies in kesterites. 

Partial double cation substitution has been found as one way of improving the performance 

of kesterites. In order to combine the advantages of partially substituting Cu with Ag and Zn 

with Cd (a double cation substitution of both elements within the crystal lattice site) is the 

focus of this study. The image below (Fig. 1.6) shows an illustration of the double-cation 

substitution of both cations of Ag and Cd for Cu and Zn, respectively. 
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Fig. 1.6 Schematic illustration of double partial substitution of Cu and Zn respectively with Ag and Cd in 

CZTS lattice [54] 

 

Regardless of the respective contents of double cation substitution, it is well understood that 

kesterite materials has permissible stoichiometry which when altered, will result to loss of its 

thermodynamic stability and deterioration of its optoelectronic property. In the case of Cu, 

the optimum substitution was found for Ag/(Ag + Cu) = 0.03 – 0.10 and in the case of Zn for 

Cd/(Cd + Zn) = 0.05 – 0.40 [51]. It was found in the study [55] that in the partial substitution 

of Cd for Zn in Cu2Zn1−xCdxSnS4 (x = 0-1.0), the compound maintained its kesterite structure 

for Cd contents of the 0-0.4 range and in further addition x > 0.6 resulted to a change to the 

stannite structure. The maximum PCE of 11.5% [4] has been achieved for Zn partial 

substitution with Cd at the content of 40%. It was found that the controlled amounts of Zn/Cd 

ratio influenced the depletion width, charge density and series resistance in CZCTS materials.  

In the case of partial Ag substitution, low amounts (<6% Ag) of Ag substitution is expected 

to suppress Cu-Zn antisite disorders though only under Cu-rich and constrained Cu-poor 

conditions (presence of ZnS, SnS, and Cu-deficient phases with Zn and Sn-rich conditions). 

Meanwhile, at a high level (>6% Ag) substitution, the Cu-Zn antisite disorder suppression is 

even more effective due to the higher formation energy of antisite defects [54][36]. As the 

maximum PCE-s for Ag doped kesterite materials have been achieved at different Ag 

concentrations, it indicates that the synthesis methods used can influence the overall 

properties of solar cells. The maximum PCE of 10.36 % being recorded for Ag content of 3% 
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in ACZTSSe when synthesized by solution-based method [56], similar result was also shown 

for the study conducted in [57] using similar synthesis method. A PCE improvement from 

4.9% to 7.2% was presented by [34], where ACZTS with Ag content of 7% from Cu was 

synthesized by molecular solution method using metal salts precursors.  

Among the potential alloying materials for kesterite solar cells, Ag and Cd has shown 

promising results and are widely considered the best substitutional alloying materials for Cu 

and Zn, respectively. As [54] pointed out, that both Cd and Ag doping have contrasting 

influence on the kesterite based solar cell performance through bulk stability and defect 

energetics, the idea is to find the optimum content of both cations which will result to a 

significant improvement in solar cell performance. In this study, a double cation substitution 

of Ag and Cd for Cu and Zn in CZTS, respectively, was performed by using monograin powder 

growth technology. 

 

1.6. Monograin Powder Technology 

1.6.1 Overview of the monograin powder technology 
 

There are so many methods of synthesizing thin films solar cells as mentioned in 1.3.2 which 

comes with their own respective merits and demerits. However, monograin powder 

technology is wholly unique and differs from other thin film solar cell manufacturing methods. 

Monograin powder technology is advantageous as it enables the growth of Cu2ZnSn(S,Se)4 

materials with homogeneous composition usable for monograin layer solar cells [58]. Other 

advantages of this technological process are that it is less costly than the common processes 

such as vacuum evaporation or sputtering which requires expensive production equipment. 

Through this synthesis method, the monograin powder formed combines: the high 

photoelectric parameters of monocrystals and advantages of polycrystalline materials; low 

cost and simple technology of materials and monograin layer (MGL) devices; possibility of 

making devices of a practically unlimited area and nearly 100% use of materials [59][60] 

1.6.2 Monograin powder growth 

Monograin powders are formed by the isothermal heating of precursor materials in the 

presence of liquid phase of a suitable solvent material (flux), these powders have single-

crystalline grain structure with narrow-disperse granularity and found use as p-type semi-

conductors in MGL solar cells [61]. 
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Molten salts such of KI, CdI2, NaI have been mainly used as flux materials for synthesis of 

different monograin powders [60]. Flux materials are of paramount importance during 

monograin powder growth process as they provide suitable medium favoring the growth of 

the single-grain crystals. The choice of flux material for use in powder technology will depend 

on a host of factors: it should be chemically stable, readily available, inexpensive and easily 

removable (soluble in water). A low melting temperature and low vapor pressure at the 

heating temperature are desirable.  

Single-crystalline powders can be obtained at temperatures above the melting point of the 

used salt and at temperatures lower than the melting point of the semiconductor compound 

itself. Synthesis in molten salts enhances the rate of solid-state reactions due to the much 

higher diffusion rates between reaction components in the molten media, lowering the 

reaction temperature, increasing the homogeneity of the solid product, and controlling the 

particle size and shape as well as their agglomeration state. In the material formation-

nucleation stage, the precursors: (1) can dissolve completely in the molten salt, with the 

nuclei of the product formed in the liquid phase (growth of single crystals); or (2) the initial 

solid particles of low-solubility precursors react with each other in the molten salt media, and 

the formed solid particles of the product compound start to recrystallize and grow by the 

mechanism of Ostwald ripening (monograin powder growth). The characteristics of monograin 

powder crystals are controlled by selection of the synthesis temperature, as well as the nature 

and amount of the salt used. The volume of the used molten salt has to exceed the volume 

of voids between precursor particles. In this case, the formed liquid phase is sufficient to repel 

both the solid precursor particles and the formed powder particles from each other and to 

avoid sintering caused by the contracting capillary forces arising in the solid–liquid phase 

boundaries. The amounts of precursors for CZTSSe and flux salt are usually taken so that the 

ratio of the forming volumes of solid phase VS and liquid phase VL is within the range 0.6–1.0 

[60]. 

1.6.3 Monograin layer solar cells  

Monograin layer solar cells are made up of unique microcrystals that form parallel connected 

miniature solar cells in a large module (covered with an ultra-thin buffer layer i.e the n-type 

semoconductor). Monograin layer solar cells technology provides major advantages over the 

conventional silicon-based solar panels – the photovoltaics cells are lightweight, flexible, can 

be semi-transparent, while being environmentally friendly and significantly less expensive.  
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A typical monograin membrane solar cell is made of monograin powder crystals with the 

following architecture: graphite/absorber layer/CdS buffer/i-ZnO/ZnO:Al window layer. The 

Figure 1.6 shows an illustration of the structure of a monograin layer solar cell. For MGL 

formation a monolayer of nearly uni-size CdS covered powder crystals are embedded halfway 

into an epoxy layer. After polymerization of epoxy, a double layer of ZnO (i-ZnO and ZnO:Al) 

as a window layer are deposited by radio frequency magnetron sputtering on the top of the 

membranes. The silver paste is used to make the front collector onto the ZnO window layer, 

and the structure are glued onto a glass plate. A conductive graphite paste is used for making 

the back contacts. A more detailed description of the preparation of MGL solar cells can be 

found in the Experimental part.  

 

Fig. 1.7. Scheme of monograin layer solar cell [62] 

 

1.7 Summary of literature overview and objective of the 

study 

Renewable power capacity is set to expand by 50% between 2019 and 2024, led by solar PV 

[63], this expected expansion will ultimately lead to a whole new pressure on technologies 

and materials for solar PV. For large-scale photovoltaic application, cost-effective processes 

and materials are needed. Monograin layer technology combine cheap non-vacuum method 

for the formation of homogeneous single crystals and the possibility of using cheap, flexible, 

low temperature substrate production of solar cells.  

The kesterite Cu2ZnSnS4 (CZTS) is attractive absorber material candidate for thin film solar 

cells as it offers to alleviate the material bottlenecks presented in silicon, CIGS and CdTe. 
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CZTS is similar to the chalcopyrite structure of CIGS but uses only earth-abundant elements. 

The raw materials used in CZTS are about five times cheaper than those for CIGS. To estimate 

of global material reserves (for Cu, Sn, Zn and S) suggest we could produce enough energy 

to power the world with only 0.1% of the available raw material resources. In spite of 

advantages that this novel material brings, the current record of the efficiency of CZTSSe and 

pure CZTS solar cells are 12.6% and 11%, respectively. These values are much lower than 

the PCE records of 23.3% for CIGS and 22.1% for CdTe [32]. 

In order to improve the efficiency of CZTS material, it is important to reframe our 

understanding on the possible causes of this deficiency and proffer ways in which these 

deficiencies can be reduced resulting in the improvement of solar cell performance. Cu-Zn 

antisite defects and formation of secondary phases have been found to be some of the factors 

resulting to the poor PCE. To prevent formation of these antisites, previous researches have 

been found that the introduction of isovalent but dissimilar atoms of ionic radii can increase 

the formation energies of these antisites. Ag, Cd, Mn, Fe, etc have been of interest as they 

all meet these requirements.  

Double cation partial substitution of Cu and Zn with Ag and Cd, respectively, can be one 

approach to increase the energy of formation of CuZn and ZnCu antisite defects and thus, 

reduce the tendency of the formation of these defects resulting to an improvement in the Voc 

and PCE. 

The overall aim of the current study is to investigate the impact of double cation partial 

substitution of Cu and Zn respectively with Ag and Cd to the CZTS properties by using 

monograin powder technology. The main objective is to find out the optimum initial 

compositional ratios of (([Ag]/([Cu]+[Ag]) and ([Cd]/([Zn]+[Cd]) ratio)) for the growth of 

(Cu1-xAgx)1.85(Zn1-yCdy)1.1SnS4 (ACZCTS) monograin powder crystals in molten potassium 

iodide to achieve the highest performance of ACZCTS MGL solar cells. During this study, two 

experimental series will be prepared, in the first series one of the dopants (Cd) will be kept 

constant while the other one (Ag) will be varied and in the second series vice-versa.  
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2. EXPERIMENTAL 

 

In this study (Cu1-xAgx)1.85(Zn1-yCdy)1.1SnS4.124 monograin powders were prepared from binary 

chalcogenides in the liquid phase of a flux material KI in evacuated quartz ampoules. The 

synthesis-growth processes of (Cu1-xAgx)1.85(Zn1-yCdy)1.1SnS4.124 monograin powders were 

performed at 740°C for 142 hours. 

In [64] and [55], it was found that an addition of Cd content more than 60% from Zn in CZTS, 

the kesterite phase of the CZTS transforms to the stannite phase. In [37], it was found that 

the carrier density depreciates with increasing Ag content in CZTS and for Ag content of more 

than 50% from Cu the material conductivity type starts to invert from p-type to n-type. As 

CZTS kesterite structure needs to be maintained as well as with its carrier density, the 

concentration values of Cd and Ag are chosen within the limits necessary to avoid deviation 

or transformation to stannite structure and/or to the n-type material. 

 

2.1 Preparation of monograin powders 

In the first experimental series (Cu1-xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.124 monograin powders with 

different x values (x = 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1 and 0.15) and constant Cd content 

of [Cd]/([Zn]+[Cd] = 0.2 were prepared. Hereafter all x values are presented as atomic 

percentages of Ag for Cu substitution (x = 0, 1, 2, 3, 4, 5, 10, and 15%). 

In the second experimental series (Cu0.99Ag0.1)1.85(Zn1-yCdy)1.1SnS4.124 monograin powders 

with different y values (y = 0.15, 0.2, 0.25, 0.30, 0.35) and constant Ag content of 

[Ag]/([Cu]+[Ag] = 0.01 were prepared. Hereafter all y values are presented as atomic 

percentages of Cd for Zn substitution (y = 15, 20, 25, 30 and 35%). 

For both series the used precursor compounds CuS (3N), Ag2S (4N) and SnS (3N) were self-

synthesized in evacuated quartz ampoules by Dr. Jaan Raudoja in TalTech Laboratory, ZnS 

(5N) and CdS (5N) were commercially available. As the flux agent, water soluble KI (2N) was 

used with the volume ratio of liquid KI to solid ACZCTS compound VKI/VACZCTS (cm3/cm3) = 

1.0. The amount of the components for the kesterite synthesis and the amount of the flux 

material were taken nearly equal to provide enough volume of the liquid phase for filling the 

free volume between the solid particles, which is one prerequisite for monograin powder 

crystals growth. Before using potassium iodide powder was heated in the dynamic vacuum-
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pumping process at temperatures up to 270 °C for dehydration. The binary percursors of both 

series were weighed in the required proportions and ratios to ensure they conform to the 

elemental compositions taken into account. The respective weighed precursors of both series 

were then mixed in a ball mill for grinding and to improve the homogeneity. The mixtures 

were loaded into quartz ampoules, degassed under dynamic vacuum at 100°C, sealed and 

heated isothermally at 740°C for about 142 hours. The growth processes were stopped by 

taking the samples out of the furnace and allowing them to cool naturally to room 

temperature. The KI flux material was completely removed using its water solubility property 

by leaching and rinsing with deionized water several times. The KI-free monograin powders 

were then dried in a hot-air thermostat and sieved into several narrow granulometric fractions 

between 38 and 112 μm. 

 

Fig. 2.1 Steps of the monograin powder growth technology from start to finish 

 

During the synthesis-growth process at 740°C where the flux material KI (TM = 681 °C) is 

already molten, some part of the percursors and already formed ACZCTS compound dissolve 

in the molten KI. This dissolved part deposits onto crystals´ surfaces during cooling down 

period. These formations result to secondary phases and amorphous sedimentations on the 

powder crystals´ surfaces by decreasing the perfection of crystals which will negatively affect 

the solar properties of the cell. Therefore, the etching of the compound is necessary to remove 

these precipitations. The as-grown ACZCTS monograin powders of both series were etched 

using combined chemical etching regime worked out for kesterite monograin powders in the 

TalTech Laboratory of Photovoltaic Materials (1% Br2 in methanol solution for 10 minutes 

followed by etching with 10% aqueous KCN solution for 10 minutes) with the aim of removing 

from the crystals' surfaces the solids that precipitated from molten KI as explained above. 
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2. Degassing of 
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3. Synthesis in a 
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After the etching process, the ACZCTS samples were annealed in sealed degassed ampoules 

in a two-temperature-zone furnace at 840 °C in a sulfur atmosphere of 2050 Torr for 1 hour 

to heal the surface imperfections generated by etching and to adjust the surface composition. 

 

2.2 Preparation of ACZCTS monograin layer solar cells 

After the synthesis growth of monograin powders the CdS buffer layer was deposited on the 

post-treated p-type ACZCTS crystals through chemical bath deposition method (CBD) thereby 

forming the required p-n junction. CdS covered monograin powders were used for making the 

monograin layer membranes. In a membrane, the ACZCTS cystals usual stand independent 

on another and are bound together with a thin layer of epoxy. The used particle size of the 

absorber ACZCTS will affect the thickness of epoxy layer used which overall determines the 

thickness of the solar cell. After polymerization of the epoxy, the membranes were covered 

with an i-ZnO layer with a thickness of about 40–45 nm and a conductive ZnO:Al layer with 

a thickness of about 350–400 nm using a radio frequency magnetron sputtering system to 

act as a top electrode. Finally, to intensify the collection of charge carriers, conductive silver 

paste grid contacts were applied on top of the bilayer of the ZnO window, and the structure 

was glued onto a glass substrate. After removal of the supporting plastic foil from the 

structure, the surfaces of powder crystals at the back contact side were released partly from 

the epoxy by etching with concentrated H2SO4 for determined times. Finally, a mechanical 

abrasive treatment was applied to open the back contact area of crystals. Subsequently, the 

back contact was made with graphite conductive paste. 

The prepared monograin layer solar cells have the structure of graphite/ACZCTS/CdS/i-

ZnO/ZnO:Al/Ag/glass. In MGL solar cells every ACZCTS crystal works as an individual tiny 

solar cell in parallel connection. The scheme and cross-sectional view of the MGL solar cells 

structure is shown in Fig 1.7. 

 

2.3 Characterization of monograin powders 

2.3.1 Energy-dispersive X-ray spectroscopy (EDX) 

Energy-dispersive X-ray Spectroscopy is an analytical technique employed for the chemical 

characterization or elemental analysis of a sample under investigation. A Bruker Esprit 1.8 

EDX system (the measurement error is about 0.5 at. %) was used to investigate the elemental 
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composition of the monograin powders. These measurements were carried out by Dr. Valdek 

Milkli. 

2.3.2 Raman spectroscopy 

Every chemical compound or element has a wavelength which it is identifiable when incident 

light interacts with it. This difference in wavelength depends upon the chemical structure of 

the molecules responsible for causing this scattering. Raman spectroscopy is a useful tool 

which utilizes the results of this scattered light to gain knowledge about molecular vibrations 

and provide information regarding the structure, symmetry, presence of some molecules and 

bonding of the molecules. Raman spectroscopy permits the quantitative and qualitative 

analysis of the individual compounds [65]. In this study, the phase composition or presence 

of secondary phases were studied at room temperature by using Horiba’s LabRam HR800 

spectrometer equipped with a multichannel CCD detection system in the backscattering 

configuration using a 532 nm laser line with a spot size of 5 μm and measured within 100 

seconds. 

2.3.3 Scanning electron microscope (SEM) 

A Scanning Electron Microscope is a powerful maginification tool that produces high-resolution 

three dimensional images by scanning the surface of a sample with a focused beam of 

electrons. The electrons that scatter off as a result of this interaction with the atomes of the 

sample can be analyzed with a variety of detectors that provide topographical, morphological 

and compositional information regarding the surface of a sample. The shape and surface 

morphology of the synthesized crystals were studied with a high-resolution scanning electron 

microscope Zeiss MERLIN. These measurements were carried out by Dr. Valdek Mikli. 

2.3.4 X-ray diffraction (XRD) analysis 

The powder X-ray diffraction (XRD) patterns were recorded using a Rigaku Ultima IV 

diffractometer with Cu Kα radiation (λ = 1.5406 Å). PDXL 2 software was used for the 

derivation of crystal structure information from powder XRD data. Furthermore, the XRD 

measurements of all samples used was carried out by Dr. Arvo Mere. 
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2.4  Solar cell characteristics 

2.4.1 Current density versus voltage (I-V) measurements 

Knowledge of several solar cell parameters is paramount to understanding their respective 

impact on the solar cell properties. Through I-V curve simulations, the main parameters of 

the solar cells were mesured which are the open-circuit voltage (Voc), short-circuit current 

density (Jsc), fill factor (FF) and the solar energy conversion efficiency (η). 

In this study, the solar cells were characterized by measuring the I–V characteristics with a 

Keithley 2400 electrometer under standard test conditions (AM 1.5, 100 mW cm−2) obtained 

using a Newport solar simulator. The measurement error in Voc values can be considered to 

be up to 10 mV. As the working area of the MGL solar cells is around 75% of the total area, 

the MGL solar cell efficiency values were re-calculated for the active area (ηactive).  

2.4.2 Quantum efficiency measurements 

Quantum efficiency of a solar cell can be defined to be the ratio of the numbers of electrons 

in an external circuit produced by an incident photon of a given wavelength [66] thus, the 

effective band gap energy (Eg*) of samples were esimated through quantum efficiency 

measurements. Spectral response measurements were performed in the spectral region of 

350-1235 nm using a computer-controlled SPM-2 prism monochromator. The generated 

photocurrent was detected at 0 V bias voltage at RT by using a 250 W halogen lamp. The EQE 

measurements were carried out with the assistance of Dr. Mati Danilson.  
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3.  Results and Discussions 

3.1  Morphology of the monograin powders  

The shape and surface morphology of the synthesized (Cu1-xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12 and 

(Cu0.99Ag0.01)1.85(Zn1-yCdy)1.1SnS4.12 monograin powder crystals were characterized by SEM. 

Fig 3.1 shows the SEM images of the powder crystals for the series of (Cu1-

xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12 with added Ag content (x = 2%) in Fig 3.1 a-c and with the 

highest added Ag content (x = 15%) in Fig 3.1 d-f. The powder crystals without or with low 

Ag content (x = 1-5%) as seen also in Fig 3.1 a-c had principally tetragonal shape with rather 

sharp edges and smooth flat planes. The increasing of Ag content in initial powder mixture 

caused the formation of monograins with more rounded edges and rough crystal surfaces (Fig 

3.1 d-f).  

 

Fig. 3.1  SEM images of (Cu1-xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12 monograin powder crystals and crystals' 

surfaces with x = 2 % (a–c) and x = 15% (d–f). 

As the synthesis growth process took place within closed ampoules under isothermal 

conditions, the only driving force for the monograin powder crystal growth is the difference 

in the surface energies of crystals with different sizes and at different places of individual 

crystals. During monograin crystal growth, different processes are taking place 

simultaneously: the dissolution of smaller crystals and the growth of bigger crystals, and the 

diffusion of the material through the molten phase and on the facets of crystals. When the 

rate of the dissolution is faster from the edges (having higher surface energies) than the 
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growth on planes, then more rounded crystals form. This behaviour implies that the solubility 

of specific compound in used flux material is high and the growth is faster as the liquid phase 

is richer with constituent elements. Therefore, the resulting powder becomes more rounded 

in shape. This means that the most-likely reason, why monograins with increasing Ag content 

(x > 5%) had more rounded shapes than those with lower or without Ag content, is that the 

solubility of ACZCTS or its precursors in KI is higher than that of pure CZCTS. This also 

explains and could be the reason why crystals surfaces are more rough by increasing the Ag 

content in (Cu1-xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12. Besides, it is known that new compounds or solid 

solutions of them can form in the used molten flux during the synthesis-growth process [66], 

[67]. During the cooling process, this part of compounds dissolved in KI at growth 

temperature, precipitate onto the surface of formed crystals.  

Fig 3.2 shows the SEM images of the powder crystals for the series of (Cu0.99Ag0.01)1.85(Zn1-

yCdy)1.1SnS4.12 with Cd content (y = 15%) in Fig 3.2 a-c and with the highest Cd content (y = 

35%) in Fig 3.2 d-f. It could be seen from the images that the morphology of powders crystals 

did not change by varying Cd content in ACZCTS from 15 to 35 %. The synthesized powder 

crystals had tetragonal shape with rather sharp edges and flat planes. 

 

Fig. 3.2  SEM images of (Cu0.99Ag0.01)1.85(Zn1-yCdy)1.1SnS4.12 monograin powder crystals with an input 

Cd content of  y = 15 % (a–c) and y = 30 % (d–f). 
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3.2.  Elemental composition of monograin powders (EDX) 

The EDX measurement results of the average compositional ratios of synthesized (Cu1-

xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12 powder for x = 1 to 15% are presented in Table 3.1. This gives 

an overview of how the respective outcome contents of Ag and Cd varied from the input 

contents at the surface and at the bulk. Bulk compositional analyses were made from polished 

cross-section of individual crystals of ACZCTS powders as seen also in Fig. 3.4 and Fig 3.5. 

Compositional analysis of (Cu1-xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12 (see Table 3.1) shows that the 

outcome concentration ratio of (Cu+Ag)/(Zn+Cd+Sn) in crystals` bulk increased slightly 

compared to the input composition. There are no noticeable changes in the concentration 

ratio of Cd/(Zn+Cd) and (Zn+Cd)/Sn. However, the concentration of Ag in the bulk of grown 

crystals is two times lower than in the surface crust for all the used x values (presented in 

Fig. 3.3). EDX elemental mapping of crystals (see Fig. 3.4) and line scan over the cross-

section of a crystal (Fig. 3.4) shows Ag- and Cd-rich surface on the grains. At the same time 

Cu content on the surface is decreased compared to its constant value in the bulk of crystals. 

The Ag-and Cd-rich surface is most likely a result of some compounds (dissolved in KI at 

growth temperature) being precipated onto the crystals` surfaces during cooling down period 

after synthesis-growth process. The fact that the concentration of Ag in the bulk of grown 

crystals (black squares in Fig. 3.3) is almost two times lower than the Ag concentration in the 

surface crust (blue dots) is giving a proof to the distribution of Ag between liquid (molten KI) 

and solid (ACZCTS) phases. Therefore, we can conclude that the Ag distribution between 

liquid and solid phases in the studied system is approximately equal to 2.  

 

Table 3.1 Composition results of various Ag-alloyed (Cu1-xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12 powders by EDX 

measurements (average from 8 crystals).  

 

([Cu]+[Ag])/

([Zn]+[Cd]+

[Sn])

[Ag]/

([Ag]+[Cu])

[Cd]/

([Cd]+[Zn])

([Zn]+[Cd])/

[Sn]

([Cu]+[Ag])/

([Zn]+[Cd]+

[Sn])

[Ag]/

([Ag]+[Cu])

[Cd]/

([Cd]+[Zn])

([Zn]+[Cd])/

[Sn]

0 0.92 0.00 0.19 1.08 0.92 0.00 0.21 1.07

1 0.90 0.00 0.18 1.09 0.91 0.00 0.22 1.09

2 0.89 0.00 0.19 1.09 0.88 0.01 0.23 1.06

3 0.89 0.01 0.19 1.10 0.90 0.02 0.22 1.10

4 0.89 0.01 0.19 1.10 0.89 0.03 0.21 1.10

5 0.89 0.02 0.19 1.10 0.88 0.05 0.22 1.07

10 0.89 0.05 0.19 1.10 0.88 0.09 0.21 1.07

15 0.91 0.08 0.20 1.09 0.93 0.14 0.24 1.05

Compositional ratios of synthesized

powder in bulk

Compositional ratios of synthesized 

powder on surface

Input Ag 

content 

with 

respect to 

Cu (at%)
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Fig. 3.3 Concentration ratios of Ag/(Cu+Ag) (at%) in the surface area (blue dots) and in the bulk (black 

squares) of ACZCTS monograin powder crystals in dependence of added Ag content with respect to Cu.  

 

 

Fig. 3.4 EDX elemental mapping of Ag, Cd, Cu, Zn, Sn and S for as-grown ACZCTS polished crystals 

with 15% of input Ag ((ratio of [Ag]/([Cu]+[Ag]) = 0.15)) 
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Fig. 3.5 EDX line scan over cross-section of a crystal of the as-grown ACZCTS polished crystals with 

15% of input Ag 

 

In order to investigate the influence of Zn substitution by Cd to the synthesized powder bulk 

composition, the EDX analysis was also performed from polished (Cu0.99Ag0.01)1.85(Zn1-

yCdy)1.1SnS4.12 powder crystals. Table 3.2 presents the EDX measurement results of the average 

compositional ratios of synthesized ACZCTS powders with Cd content of 15 to 35%. It can be 

seen from the results that the ratio of [Cd]/[Zn]+[Cd] in synthesized powders is close to the 

input ratio in precursors.  

 

Table 3.2 Composition results of various Cd-alloyed (Cu0.99Ag0.01)1.85(Zn1-yCdy)1.1SnS4.12 powders by EDX 

measurements (average from 8 crystals).  

 

 

([Cu]+[Ag])/

([Zn]+[Cd]+

[Sn])

[Ag]/

([Ag]+[Cu])

[Cd]/

([Cd]+[Zn])

([Zn]+[Cd])/

[Sn]

([Cu]+[Ag])/

([Zn]+[Cd]+

[Sn])

[Ag]/

([Ag]+[Cu])

[Cd]/

([Cd]+[Zn])

([Zn]+[Cd])/

[Sn]

15 0.90 0.00 0.13 1.09 0.90 0.00 0.17 1.10

20 0.90 0.00 0.18 1.09 0.91 0.00 0.22 1.09

25 0.92 0.00 0.23 1.08

30 0.91 0.00 0.28 1.09 0.88 0.00 0.32 1.07

35 0.93 0.00 0.32 1.05 0.91 0.01 0.40 1.05

not analyzed

Input Cd 

content 

with 

respect to 

Zn (at%)

Compositional ratios of synthesized

powder in bulk

Compositional ratios of synthesized 

powder on surface
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Figure 3.6 shows the EDX elemental mapping of crystals and Figure 3.7 the line scan over the 

cross-section of a crystal for the (Cu0.99Ag0.01)1.85(Zn1-yCdy)1.1SnS4.12 powder with Cd content 

y = 35 %. EDX elemental mapping shows uniform distribution of all elements over polished 

crystals without significantly higher concentration on the crystals` surfaces. Slightly higher 

concentration of Cd and Ag is seen in the line scan in Figure 3.7, but the thickness of this Cd- 

and Ag-rich layer is very low compared with the Ag varied series.  

 

 

Fig. 3.6 EDX elemental mapping of Ag, Cd, Cu, Zn, Sn and S for as-grown ACZCTS polished crystals 

with 35% of input Cd ((ratio of [Cd]/([Zn]+[Cd]) = 0.35)) 
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Fig. 3.7 EDX line scan over cross-section of a crystal of the as-grown ACZCTS polished crystals with 

35% of input Cd 

 

From the EDX mapping and line scan results we can conclude that the Ag and Cd rich layer 

on the crystals` surfaces and the thickness of it is related to the Ag concentration in the input 

material composition (seen in Fig. 3.4 and Fig. 3.5) and is not in dependence of Cd 

concentration in ACZCTS (Fig. 3.6 and Fig. 3.7).  

 

3.3. Phase composition of the ACZCTS monograin powders 

3.3.1 XRD Analysis 

XRD patterns of the increasing Ag content in the Ag-varied series are as shown in Fig 3.8a.  All 

the diffraction peaks including the major peaks (112), (200), (220), (312) and (224) could 

be indexed according to a tetragonal kesterite-type phase (ICDD PDF-2 Release 2019 RDB, 

01-085-7033) with different Ag content. No secondary phases were detected. Lattice 

expansion from higher angles to lower angles was observed with increasing Ag content. Fig 

3.8b shows the enlarged view of the (112) plane shift from 28.28 to 28.12 ° which is in 

agreement with previously reported data for Ag alloyed kesterite. The X-ray diffraction 

patterns were used to calculate values of the lattice parameters (a and c) for all powders used 

by Rietveld refinement as shown in Fig 3.9.  A linear increase of the lattice parameter values 
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(a and c) was observed upon replacement of Cu with Ag, as the ionic radius of Ag+ (1.14 Å) 

is larger than that of Cu+ (0.74 Å). The obtained values are in good agreement with the results 

reported in the literature for Ag substituted kesterites and suggest that Ag is incorporated in 

the CZCTS lattice [68]–[70].  
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Fig. 3.8 (a) X-ray diffraction patterns of the Ag-varied ACZCTS series, (b) the enlarged view of the (112) 

diffraction peaks. 
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Fig. 3.9 Lattice parameters of a, c, and c/2a as a function of the Ag content in (Cu1-

xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12. 



 
 

41 
 

Figure 3.10 shows the XRD patterns of Cd varied (Cu0.99Ag0.01)1.85(Zn1-yCdy)1.1SnS4.12 

monograin powders. All the diffraction peaks could be indexed according to a tetragonal 

kesterite-type phase (ICDD PDF-2 Release 2019 RDB, 01-082-9163) with different Cd 

contents. No secondary phases were detected. Fig 3.10b shows the enlarged view of the (112) 

diffraction peaks. The peaks shifted to the lower angle side with an increase in Cd content in 

the MGP-s. In Fig. 3.11 are presented lattice constants for the powders with different Cd 

content. The a-axis constant increases linearly as the Cd content increases from 15 to 35%. 

The shift in (112) XRD peak from 28.39 to 28.28 ° and expansion of the lattice can be attribute 

to the replacement of smaller Zn2+ (0.74 Å) with larger Cd2+ (0.95 Å) in the kesterite lattice 

and is evident that Cd is incorporated in the ACZCTS lattice.  
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Fig. 3.10 (a) X-ray diffraction patterns of the Cd-varied ACZCTS series, (b) the enlarged view of the 

(112) diffraction peaks 
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Fig. 3.11 Lattice parameters of a, c, and c/2a as a function of the Cd content in (Cu0.99Ag0.01)1.85(Zn1-

yCdy)1.1SnS4.12 

3.3.2 Raman Analysis 

Raman spectroscopy measurments of both series were carried out to investigate the 

unwanted coexisting secondary phases that cannot be distinguished by XRD in ACZCTS due 

to the similar XRD patterns of Zn(Cd)S, Cu2SnS3 and Cu2ZnSnS4 and in addition, to confirm 

the partial substitution of the cation. 

The Raman spectra of the Ag-varied samples (for x = 0 – 15%) are shown in Fig. 3.12a and 

their corresponding A1 peaks are shown in Fig. 3.12b. The Raman spectra of CZCTS powder 

crystals exhibited an intense peak of 336 cm-1 and three weak peaks at 287, 362 and 372 

cm-1 which all correspond to kesterite phase and are in conformity with results observed in 

other papers [71], [72]. As can be seen in Fig. 3.12b, the spectra showed the shift in A1 peak 

(from 336 – 333 cm-1) which reflects on increasing Ag content.  

The Raman spectra of the Cd-varied monograin powders are shown in Fig. 3.13a with peak 

of 337 cm-1 and three weak peaks at 286, 362 and 372 cm-1 which all correspond to kesterite 

phase and are in conformity with results observed in other papers. As can be seen in Fig. 

3.13b, the spectra showed the shift in A1 peak (from 337 to 332.7 cm-1) which corresponds 

to increasing Cd content in powders (y = 15 – 35%).  The shift of Raman scattering peak at 

337 cm−1 to the lower wavenumber side by increasing the Cd content in ACZCTS could be 

attributed also to the increase in the crystal lattice parameters caused by the substitution of 
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Zn+ with bigger Cd+. Similar behavior was observed when Cu+ were partially substituted with 

heavier and bigger Ag+ [73]. 

 

100 150 200 250 300 350 400 450

 x = 0%

 x = 1%

 x = 5%

 x = 10%

 x = 15%

(Cu
1-x

Ag
x
)
1.85

(Zn
0.8

Cd
0.2

)
1.1

SnS
4

283-287

334-336

372In
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

Raman shift (cm
-1

)

362

(a)

-2 0 2 4 6 8 10 12 14 16
333

334

335

336

337

S
h
if
t 

in
 A

1
 p

e
a
k
 p

o
s
it
io

n
 (

c
m

-1
)

Added % of Ag for substituting Cu (at%)

(b)

Fig. 3.12 a) Raman measurements of ACZTS series for Ag contents (x = 0–15%). b) A1 peak mode vs 

Ag content in (Cu1-xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12. 
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Fig. 3.13 a) Raman measurements of ACZTS series for Cd contents (y = 15–35%). b) A1 peak mode vs 

Cd content in (Cu0.99Ag0.01)1.85(Zn1-yCdy)1.1SnS4.12 
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3.4 Device characterization 

3.4.1 External Quantum Efficiency (EQE) 

Both series of the Ag-varied and Cu-varied monograin powders were used as absorber 

materials (p-type) in MGL solar cells. Prior to that, the as-grown samples had to undergo 

post-treatment where they were chemically etched and later annealed in a sulphur 

atmosphere, this process was done in order to improve the crystallinity of the powders, 

remove secondary phases and to generally improve the solar cell properties. External 

quantum efficiency (EQE) analysis was used to estimate the effective bandgap energy (Eg*) 

of the absorber materials as the evaluation of Eg* from the optical absorption or reflectance 

spectra of the monograin powders is challenging. The EQE of samples of both series was 

measured as a function of the incident light wavelength at room temperature. The normalized 

EQE spectra of monograin powder solar cells based on (Cu1-xAgx)1.85(Zn1-yCdy)1.1SnS4.12 for x = 

0-15% and for y = 15 - 35% are presented in Figure 3.14 and Figure 3.15, respectively. The 

Eg* can be evaluated by constructing an (EQE)2 vs E curves [74] from the linear segment of 

the low energy side. The inset graph of Fig. 3.14 shows how the Ag content in the absorber 

material influences the effective band gap energy values. A slight increase of the Eg* from 

1.503 eV to 1.528 eV when increasing the Ag content in ACZCTS monograin powder materials 

was observed as seen in the graph. It is pertinent to know that the Ag content of 15% had 

the maximum Eg* achieved and furthermore, the range of band gap was similar to the band 

gap values for pure (without Ag and Cd) kesterites (1.4 to 1.5 eV). The inset graph of Fig 

3.15 shows how the varied Cd contents in the Cd-varied series influenced the effective band 

gap energy values of the ACZCTS monograin powder materials. The linear decrease of Eg* 

from 1.535 to 1.445 eV with increasing Cd content in ACZCTS was observed. 
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Fig.3.14 Normalized external quantum efficiency spectra of (Cu1-xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12 MGL solar 

cells with an input Ag content of 0 to 15%. The inset graph shows the influence of Ag content on the 

effective band gap energy (Eg*) values 
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Fig.3.15 Normalized external quantum efficiency spectra of (Cu0.99Ag0.01)1.85(Zn1-yCdy)1.1SnS4.12 MGL 

solar cells with an input Cd content varied from 15 to 35%. The inset graph presents the effective band 

gap energy (Eg*) values depending on the input Cd content. 
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3.4.2 I-V curve results 

Further investigations were carried out in order to determine the influence of the cation partial 

substitution of Ag and Cd to the MGL solar cell performance. I-V characteristics of both series 

was accomplished using a Newport solar simulator as earlier mentioned in 2.4.1. Fig. 3.16 

and Table 3.3 show the respective influence of different Ag content (x = 0, 1, 3, 4, 5, 10 and 

15%) in MGP to the solar cell parameters: short circuit current density (Jsc), open circuit 

voltage (Voc), fill factor (FF), and the efficiency (PCE). We can see how the Ag influenced the 

parameters of the cell, on addition of Ag, the solar cell’s PCE increased from 6.62% (x = 0) 

to maximum of 8.73% (x = 1%) but further addition of Ag kept the PCE around 8.0% at Ag 

content of x = 10%. For a higher content at 15% of Ag from Cu, the PCE dropped to 7.09% 

due to the decrease in Voc despite the continuous increase in the bandgap energy values. The 

Voc and Jsc had similar trend as the PCE though there was no noticeable change in the FF. The 

increase of Voc on addition of Ag was probably due to the increase in the formation energy of 

CuZn and ZnCu antisites defects which was responsible for the poor Voc on undoped kesterites 

[73] as mentioned in 1.5.1.  

In Fig. 3.17 and Table 3.4 are seen the influence of the varied Cd contents to the solar cell 

parameters. We can see that on increase of Cd content from 15% to 20%, there was a notable 

slight increment in the Jsc and FF at 20% though a decline in the Voc, the overall result was 

that the efficiency increased slightly at this content. However, further addition of Cd (y = 

25%) resulted to a decline in all the solar cell parameters. Further increase in Cd content in 

ACZCTS (y = 30 and 35%) resulted to an increase in the PCE and slight decline afterwards. 

The reduction of Voc on increasing Cd content agreed with results found in [73] where it was 

concluded that at high values of Cd, the formation of antisite defects ceases thus resulting to 

a diminishing value of the Voc and efficiency. Although, the solar cells based on MGP with Cd 

content of 20 % had slightly better efficiency than the solar cells with Cd content of 15% due 

to its higher values of the FF and Jsc which compensated the loss in Voc.  
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Fig 3.16 The I-V curve parameters (Jsc, Voc, FF and PCE) of the Ag-varied (x = 0 - 15%) (Cu1-

xAgx)1.85(Zn0.8Cd0.2)1.1SnS4.12 MGL solar cells. 

 

Table 3.3 below shows the summary of the solar cell parameters of the best Ag-varied cells including 

the effective band gap energy values. 

Input Ag content with 
respect to Cu (%) 

FF (%) Jsc (mA/cm2) Voc (mV) PCE (active 
area) 

Eg* (eV) 

0 62.96 18.73 632 6.62 1.503 

1 63.86 20.57 664 8.73 1.515 

3 63.77 16.41 649 8.04 1.517 

4 63.50 18.04 646 8.12 1.516 

5 64.11 19.76 652 8.26 1.516 

10 61.92 20.81 650 8.37 1.526 

15 63.41 17.64 633 7.09 1.528 
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Fig. 3.17 The I-V curve parameters (Jsc, Voc, FF and PCE) of the Cd-varied (y = 15 - 35%) 

(Cu0.99Ag0.01)1.85(Zn1-yCdy)1.1SnS4.12 MGL solar cells. 

 

Table 3.4 below shows the summary of the solar cell parameters of the best Cd-varied cells including 

the effective band gap energy values. 

Input Cd content with 
respect to Zn (%) 

FF (%) Jsc (mA/cm2) Voc (mV) PCE (active 
area) 

Eg* (eV) 

15 60.75 18.73 

 

707.63 8.05 1.535 

20 63.86 20.57 663.71 

 

8.73 1.519 

25 56.77 16.41 594.55 5.52 1.499 

30 61.76 18.04 640.52 7.14 1.470 

35 58.39 18.59 586.39 6.34 1.445 
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SUMMARY 

The objective of this master thesis was to prepare solid solutions of (Cu1-xAgx)1.85(Zn1-

yCdy)1.1SnS4 (ACZCTS) in the form of monograin powders with the aim to study the impact of 

double cation partial substitution of Cu with Ag and Zn with Cd to the Cu2ZnSnS4 properties 

and to the monograin layer (MGL) solar cell parameters. 

In this study, (Cu1-xAgx)1.85(Zn1-yCdy)1.1SnS4.124 monograin powders were synthesized from 

binary chalcogenides in the liquid phase of KI as the flux material in evacuated quartz 

ampoules at 740°C for 142 hours. Two experimental series were prepared: in the first series 

Cd was kept constant (y = 20%) while Ag was varied (x = 0 - 15%) and in the second series 

Ag was kept constant (x = 1%) and Cd was varied (y = 15 - 35%).  

It was found that (Cu1-xAgx)1.85(Zn1-yCdy)1.1SnS4 monograin powders with different ratios of 

[Ag]/([Cu]+[Ag]) and [Cd]/([Zn]+[Cd]) can be synthesized in the liquid phase of KI and used 

as absorber materials in MGL solar cells. 

• EDX analysis of the as-grown materials in the entire first series revealed that the Ag 

concentration was not equal in the precursor’s mixture and in the synthesized materials 

showing different distribution between liquid and solid phases. The Ag distribution 

between liquid and solid phases in the studied system was found to be approximately 

equal to 2. By varying Cd content in the monograin powders, it was found that the ratio 

of [Cd]/[Zn]+[Cd] in synthesized powders was close to the input ratio in precursors. 

• SEM micrographs showed that by increasing the input Ag content in precursor mixtures 

resulted in the formation of monograins with more rounded edges and rough crystal 

surfaces. The morphology of monograins did not change by varying Cd content in 

ACZCTS.  

• XRD analyses confirmed the Ag and Cd incorporation in the ACZCTS lattice. Lattice 

expansion from higher diffraction angles to lower angles was observed with increasing Ag 

or Cd content in (Cu1-xAgx)1.85(Zn1-yCdy)1.1SnS4.  

• The Raman spectra of the Ag-varied monograin powders showed a shift in A1 peak from 

336 to 334 cm-1 which corresponds to increasing Ag content in powders (x = 0 – 15%) 

and is caused by the substitution of Cu+ with bigger Ag+. Similar behavior was observed 

when Zn+ were partially substituted with heavier and bigger Cd+.  

• The effective band gap energy values showed slight increase from 1.503 eV to 1.528 eV 

with the raising Ag content in (Cu1-xAgx)1.85(Zn0.8Cd0.2)1.1SnS4. The substitution of Zn with 

Cd in the ACZCTS decreased linearly Eg* values from 1.535 to 1.445 eV.  
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• The best solar cell efficiency of 8.73% was achieved with MGL solar cell based on (Cu1-

xAgx)1.85(Zn1-yCdy)1.1SnS4 monograin powder with Ag content of x = 1% and Cd content 

of y = 20%. 
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