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ABSTRACT 
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Title: Solution Processing of Silver-based Kesterite: from Nanoparticles to Thin Film Solar Cells 
Committee Chair: Carol Handwerker and Rakesh Agrawal 
 

 

Because of the limited reserve of fossil fuels and issues brought up by their combustion, the 

demand on renewable energy is considerably increasing. Solar energy is one of the most promising 

renewable energy sources considering the large amount of solar irradiation received by Earth and 

solar cell is such a device that allows us to directly convert sunlight directly into electricity. In this 

thesis, kesterite (I2-II-IV-IV4) system is the main focus as the light absorber material in thin film 

solar cells. 

 

Cu2ZnSn(S,Se)4 (CZTSSe) has been first studied intensively. However, due to the band tailing 

resulting from Cu-Zn anti-site defects, further improvement on power conversion efficiency of this 

material has been hindered. Substituting Cu with Ag is expected to solve this problem by 

decreasing this defect density as a result of the high formation energy of Ag-Zn antisite defects. 

Herein, different concentrations of Ag are used to substitute Cu in the kesterite system through a 

nanoparticle-ink route for the fabrication of light absorber thin films. For Ag-alloying 

concentration less than 50%, it suggests that the Ag can induce inhomogeneity as well as secondary 

phase formation during nanoparticle formation. Moreover, Ag alloying is shown to enlarge the 

grain size and reduce film roughness after selenization, which are beneficial for the optoelectronic 

properties and device performance.  
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Additionally, the synthesis process for kesterite Ag2ZnSnS4 nanoparticles is explored. AZTS 

nanoparticles are achieved by solvent-thermal reaction. The reaction pathway during reaction is 

investigated by different material characterization methods to shed light on the Ag-based 

nanoparticle synthesis. The final nanoparticles obtained have high crystallinity and homogeneous 

composition, demonstrating great potential as light absorber materials. Also, the sulfide 

nanoparticles are converted into selenide thin films in Se vapor at elevated temperature 

(selenization). The selenization conditions, including temperature, heating ramp and selenization 

time, are optimized for the pure phase kesterite AZTSe thin films with large and dense grains. The 

optoelectronic properties are explored on these films and an initial research already demonstrates 

a 0.35% power conversion efficiency as the first solution processed AZTSe device. 

 

In summary, multiple material characterization techniques are utilized to understand the 

microstructure evolution, phase transformation, and composition change for solution-processed 

nanoparticles and their resulting thin films. The material characteristics, process methods and film 

optoelectronic properties are associated for the future analysis and development of kesterite thin 

films for photovoltaic applications.
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1. INTRODUCTION 

 Demand for development of solar energy 

The world energy consumption is considered to increase about 25% by 2040, based on a report in 

2018 [1], mostly because of the increased industry and building consumption, as well as the huge 

potential of demand for improvement in living standards in developing countries. Up to then 

(2018), fossil fuels (oil, gas and coal) still accounted for more than 80% of energy generation. The 

combustion of these fossil fuels produces different species of flue gases, including sulfur oxides, 

nitrogen oxides as air pollutants and a large amount of carbon dioxide (CO2), which significantly 

contributes to global warming as a greenhouse gas. For the sake of reducing carbon emissions, the 

organization for economic co-operation and development (OECD) requests closure of all the coal-

fired power stations by the year of 2030. In order to fill the energy gap of such magnitude, as well 

as meet the increased energy need, how to produce sufficient clean energy is one of the most urgent 

problems in front of human society.  

 

By 2017, about 15% of the total power supply in the world was generated by non-combusted 

energy plant, such as nuclear, hydro, solar, wind and geothermal. Among all of them, hydroelectric 

powers contributed for about half of the clean electricity as shown in Figure 1.1. However, limited 

reservoir, huge fiscal cost and the uncertain environmental impacts are all concerns for 

construction of new hydroelectric power plants. For example, the Three Gorges Dam on the 

Yangtze River, as the largest hydroelectric dam on the planet, has been questioned seriously 

regarding climate change and drought in the downstream area. Nuclear power is another option, 

with great potential and relatively low costs as well as high energy output. While after the nuclear 

plant accidents happened in Chernobyl and Fukushima, theses catastrophes not only left inerasable 
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radiation pollution in local places, but also gave rise to the public concern or even panic on the 

risk of failure of nuclear power plants. Numbers of anti-nuclear protests happened all around the 

world, especially after Fukushima disaster.  

 

 

Figure 1.1 Electricity net generation by energy source in U.S. Petroleum includes petroleum 
liquids and petroleum coke; gas includes natural gas, blast furnace gas and other manufactured as 

well as waste gases derived from fossil fuels; renewable sources include hydroelectric, wind, 
solar, biomass and geothermal. Figure is drawn based on the data from EIA electric power 

annual report (2017) [2]. 
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Figure 1.2  Electricity net generation from renewable sources in recent 10 years. Figure is drawn 
based on the data from EIA electric power annual report (2017) [2]. 

 

Comprehensively considering the cost, availability and safety, solar energy can be one of the 

solutions and shares an increaseing portion among all the renewable energy sources in recent years 

(as shown in Figure 1.2). Generally, there are two ways to utilize the solar energy: solar thermal 

or photovoltaics. Solar thermal directly uses the heat from the sun for water heating, house 

ventilation or cooking. For example, solar water heating is extensively used in China, supplying 

about 10% of Chinese household water usage. In this thesis, we are focusing on another way to 

use solar: converting solar energy into electricity, or photovoltaics. Theoretically, the energy 

density received from sun is more than 1000 W/m2 on the earth. Even after the absorption and 

scattering of clouds, the average energy flux received by the surface of the earth is as high as 170 

W/m2. Based on the survey data from EIA (U.S. Energy Information Administration), the average 
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annual electricity consumption in a U.S. house is about 10,000 kWh. That means a 60 m2 solar 

panel can meet a U.S families daily electricity need, with only 10% total solar-to-electricity 

conversion efficiency. For 2018, as shown in Figure 1.3, the total residential energy consumption 

was 2511 trillion Btu in the U.S., while only 224 trillion Btu of it came from solar [3], 

demonstrating a great potential for the development of family-scale solar panels, let alone the 

utility-scale electricity generated from solar farm for commercial or industrial usage.  

 

Figure 1.3 Solar energy consumption by sector based on EIA Monthly Energy Review May 2019 
[4]. 

 Photovoltaic device physics 

The conversion of solar energy into electricity relies on photovoltaic devices, or solar cells. After 

photons are absorbed by a photovoltaic device, the energy from photons excites the electrons to 

higher energy states and these electrons can be collected out of these materials and generate current 

flow due to a built-in potential inside the devices.  
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1.2.1 Photovoltaic materials 

As the core of solar cells, photovoltaic materials are where the current generation happens, which 

means one of the most important criteria for photovoltaic materials is that sunlight is able to excite 

electrons to a higher energy state in these materials. As a result, band gap of about 1.1-1.4 eV is 

required, since it makes the best utilization of visible light. Also, a high absorption coefficient 

(~105 cm-1) is preferred to absorb light within a minimum thickness.  

 

The band gap of the absorber materials defines them as semiconductors. Either intrinsic or extrinsic 

semiconductors can be used as light absorber materials. One of the most common photovoltaic 

materials, silicon, is an extrinsic semiconductor. The free electrons or holes in silicon are coming 

from dopants. For example, doping silicon with group V atoms creates available electrons, 

therefore makes it n-type, while doping with group III atoms creates holes and makes it p-type. 

Intrinsic semiconductors are like undoped cadmium sulfide (CdS), gallium arsenide (GaAs) or 

copper indium gallium selenide (CIGSe). The semiconducting properties are not induced by 

foreign atoms, but by the intrinsic defects. For example, Cu vacancies in CIGSe generate holes 

and make it a p-type semiconductor. Enough free electrons or holes (so called charge carriers) are 

essential for photovoltaic materials to produce a significant amount of current. However, the 

doping density cannot be too high to maintain the electron field potential in the devices.  

 

Other than band gap width, absorption coefficient and carrier density, it is also important to have 

preferred defects for good absorber materials. For example, p-type semiconductors should avoid 

defect states close to conduction band and n-type semiconductors should avoid defects creating 

states close to valence band. Mid-band defect states should be minimized in both cases. These 
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defect states can act as recombination sites for electrons and holes, and the absorbed solar energy 

will emit as either heat or light emission instead of electricity.  

1.2.2 P-N junction in photovoltaic devices 

When a p-type semiconductor and an n-type semiconductor touch each other, a p-n junction is 

formed. When two materials are in touch, the Fermi level of them has to be at the same level. Since 

a p-type semiconductor has a Fermi level close to valence band and an n-type semiconductor has 

a Fermi level close to conduction band, an electric field is created at the interface once they are in 

contact as shown in Figure 1.4. When photons are absorbed by either material, numbers of 

electron-hole pairs are generated. Under this electric field, the minority carriers, e.g. electrons in 

p-type material and holes in n-type material, drift to the other side on the p-n junction. They 

become the majority carriers once they are in the other side and be able to generate a current flow 

through the external circuit.   

 

Figure 1.4  Schematic for a p-n junction 
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1.2.3 Device measurement and analysis 

To determine the efficiency of a solar cell, its current response is measured both in dark and under 

light with swept voltage, i.e. an I-V curve. An I-V curve example is shown in Figure 1.5, and the 

power conversion efficiency is defined as: 

 η =
𝑃$%&
𝑃'(

 1.1 

Typically, solar cells are measured under AM 1.5, corresponding to an incident power density (Pin) 

of 0.1W/cm2 and the output power density can be obtained from the light I-V curve: 

 𝑃$%& =
𝑉*+	𝐼.+	𝐹𝐹

𝐴  1.2 

where Voc is open circuit voltage corresponding to the interception between I-V curve and x-axis, 

Isc is short circuit voltage corresponding to the interception between I-V curve and y-axis, A is the 

area of the solar cell, and FF is called fill factor. Mathematically, Pmax is the maximum value of 

I*V on the light I-V curve; or it also can be seen as the area of the largest rectangle that fits in the 

I-V curve in the first quadrant. 

 FF =
𝑉$2	𝐼$2	
𝑉*+	𝐼.+

 1.3 
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Figure 1.5  Illustration of the fill factor in an I-V curve example 

 

Other than efficiency, Voc, Isc, and fill factor, to better understand the loss mechanism of a solar 

cell and associate the I-V performance with the electric properties of a photovoltaic device, a single 

diode circuit diagram in Figure 1.6 can be used to describe the photovoltaic device. In this model, 

solar cell is equivalent to a parallel connected current generator, a diode, and a shunting resistor as 

well as a tandem connected resistor. 

 

Figure 1.6  Equivalent circuit model for solar cell 
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The final output current (I) can be expressed as  

 I = 𝐼4 − 𝐼6 − 𝐼78 1.4 

in which IL is the current generated under illumination, ID is recombination induced current lost at 

diode, and ISh is shunting induced current lost. Based on Shockley equation, the diode current is 

 
𝐼6 = 𝐼9 :𝑒𝑥𝑝 >

𝑞(𝑉 + 𝐼𝑅.)
𝑛𝑘𝑇 G − 1I 

1.5 

where I0 is the saturated dark current, q is elementary charge, n is the diode ideality factor, k is the 

Boltzmann constant and T is temperature. The shunt current is: 

 𝐼78 =
𝑉 + 𝐼𝑅7
𝑅78

 1.6 

Combining all the equations above, the output current is: 

 
I = 𝐼4 − 𝐼9 :𝑒𝑥𝑝 >

𝑞(𝑉 + 𝐼𝑅.)
𝑛𝑘𝑇 G − 1I −

𝑉 + 𝐼𝑅7
𝑅78

 
1.7 

For series resistance, when shunt resistance is big enough, the relationship with power/ current 

output can be approximately described as: 

 𝑃JKL ≈ 𝑉JK𝐼JK − 𝐼JKN 𝑅. = 𝑉JK𝐼JK(1 −
𝐼.+
𝑉*+

𝑅.) 
1.8 

 
𝐼L ≈ 𝐼4 − 𝐼9 :𝑒𝑥𝑝 >

𝑞(𝑉 + 𝐼𝑅.)
𝑛𝑘𝑇 GI 

1.9 

With the increase of series resistance, the I-V curve is bent towards the current axis and the fill 

factor is decreased. Shunt resistance, when series resistance is negligible, similar to the series 

resistance case, it can be expressed as: 

 
𝑃JKL ≈ 𝑉JK𝐼JK −

𝑉JKN

𝑅78
= 𝑉JK𝐼JK(1 −

𝐼.+
𝑉*+

1
𝑅78

) 
1.10 
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When shunt resistance decreases, the I-V curve is bent towards the x-axis and the fill factor is 

decreased at the same time.  

 𝐼L ≈ 𝐼4 − 𝐼9 O𝑒𝑥𝑝 P
𝑞𝑉
𝑛𝑘𝑇QR −

𝑉
𝑅78

 1.11 

 

To maximize output power, RS should be minimized and RSh should be maximized, which is related 

to the design and processing of the solar cell. Series resistance has multiple sources, including:  

§ Resistance in the absorber. For example, some of the grain boundaries in the direction of 

current flow may generate resistance in the absorber layer in polycrystalline materials.  

§ Resistance at the interface(s). For instance, different band alignments between different 

contact materials and the absorber layer result in different series resistance [5].  

§ the resistance in the front and back metal contacts, which usually can be reduced by 

changing the geometry of the contacts.  

 

For low shunt resistance, there are two kinds of origins for shunting paths: process-induced 

shunting and material-induced shunting [6]. Process-induced shunting is due to defective 

fabrication, such as edge effects, cracks and holes in the semiconductors etc., while material-

induced shunting is about the material itself. For example, the semiconductor may have different 

defect states that allows significant Shockley-Read-Hall recombination inside the material, or 

grain boundaries that are highly conductive, and can also serve as current paths in the 

semiconductor.  

 

In conclusion, the PCE of a solar cell is closely related to the material properties and the fabrication 

process. For the absorber material, 1.1-1.4 eV band gap semiconductors with a high light 
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absorption coefficient and proper defect chemistry are desired. Other layers in the device, such as 

buffer material, window material and contact materials should be chosen and designed accordingly, 

to achieve optimal band alignment. For the processing, crack/ pin-hole-free films with high 

crystallinity are desired for the absorber layer. In the following chapters, the characterization of 

the material(s) and optimization of the processing methods will be discussed regarding how to 

meet these criteria for the kesterite material(s).  

 Solution processing for kesterite thin film solar cells 

1.3.1 Thin film solar cells and the deposition methods for absorber materials 

Up to 2018, the majority of the global solar market was occupied by silicon based photovoltaic 

modules.  However, due to the indirect band gap of Si, the absorber layer has to be at the scale of 

a few hundred micrometers to allow enough light absorption. This makes it almost impossible to 

fabricate c-Si solar cells on a flexible substrate for light weight, wearable devices. Besides, with 

the extremely high requirement regarding the purity (impurity level ~1ppm) [7], crystallinity 

(Single crystal) and low defect density for semiconductor usage,  the preparation and purification 

process for Si depends upon high temperature as well as high vacuum, which is quite energy 

consuming. Actually, for silicon solar cells, more than 85% of the film cost came from the 

feedstock and ingot /crystal preparation of Si (up to 2016) [8].  

 

In contrast, direct band gap materials with high absorption coefficient, such as CdTe, CIGSe and 

CZTSSe (the crystal structures are shown in Figure 1.7), are able to absorb most of the incident 

light within a few micrometers. This not only makes flexible devices possible, but also 

dramatically reduces the cost of the light absorber layer. In commercialized thin film solar cells, 
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such as CdTe, the absorber material cost is less than 60% of the total module cost [8]. Despite all 

these advantages of CIGSe or CdTe as light absorbing thin film materials, both of them have 

elements that may limit terawatt scale power generation from those solar panels. For CdTe, 

tellurium concentration is only about ~0.001ppm in earth crust, while for CIGSe, the limiting issue 

is from indium. Although the ~0.05ppm concentration in earth crust seems to be adequate [9], most 

of refined indium is used to in ITO for transparent conducting thin films in liquid crystal displays 

(LCDs), and only 5% is shared for the solar market, accounting for 1.5 gigawatts power generation 

as of 2016 [10].  

 

Figure 1.7 Crystal structure comparison between chalcopyrite and kesterite 

 

1.3.2 Solution processing for kesterite thin films  

Considering the factors above, a series of kesterite materials (based on Cu2ZnSn(S,Se)4 or CZTSSe) 

have started to draw research attention because of their high light absorption coefficient, tunable 

band gap (1.1-1.4 eV with different S/Se ratio), earth-abundant element composition, and low 

toxicity. In the current early stage of the development of this material, the fabrication of these thin 
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films is mostly done by sputtering [11], [12] or (co-)evaporation [13], [14]. Although these 

vacuum-based deposition methods allow precise control of the film composition as well as 

minimum extrinsic impurities, they are not energy efficient and the material utilization is relatively 

low.  

 

To further bring down the cost for film manufacturing, a solution-processing approach was brought 

up for kesterite thin film materials. Other than electroplating [15], chemical bath deposition [16] 

and spray pyrolysis [17], ink-based solution deposition is one of the most widespread and robust 

methods for solution processed thin films. The ink can be either a uniform solution or a mixture 

of particles and solvent. The architecture of a lab-scale thin film solar cell is shown in Figure 1.8. 

Based on the different ink content, there are generally two categories of “ink”: nanoparticle-based 

(NP) ink and molecular precursor (MP). Table 1-1 lists some of the high-efficiency kesterite solar 

cells with absorber layer deposited from different methods as lab-scale research cells. 

 

Table 1-1 Comparison of solar cell performance with different deposition methods 

Method Material Voc 
(mV) 

Jsc 
(mA/cm2) 

Fill Factor 
(%) 

P.C.E 
(%) 

Total area 
(cm2) 

Sputtering [11] CZTSe 416 37.27 73.8 11.4 0.52 

Evaporation [18] CZTS 661 19.5 65.8 8.4 N/A 

Hydrazine slurry [19] CZTSSe 513 35.2 69.8 12.6 0.42 

DMSO based MP [20] CZTSSe 443 31.2 60.2 8.32 0.43 

NP-based ink [21] CZTSSe 404 35.1 63.7 9.0 0.48 
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Figure 1.8  Schematic of a lab-scale thin film solar cell 
 

For the sake of the high-tolerance nature of metal chalcogenide thin films in composition [22], 

[23], solution processed CZTSSe absorbers have compatible performance compared with the films 

deposited from vacuum-based techniques. Up to the end of 2018, the record efficiency is still hold 

by hydrazine based solution-processed CZTSSe thin films as absorber material. In this process, 

metal or metal chalcogens (Cu2S, SnSe and Zn) were added as cation source and extra chalcogens 

were added as anion source. The mixture was spin coated on substrate and baked at high 

temperature (540 °C) with no further chalcogen treatment. The obtained film showed very high 

compositional homogeneity and phase purity and similar morphology as the films made from 

vacuum-based deposition techniques [11], [24], [25]. However, hydrazine is highly toxic and 

unstable, which increases the difficulty of its large-scale usage.  

1.3.2.1 Kesterite thin films from molecular precursor route 

Instead, more benign solvent systems came up as substitutions. An amine-thiol system has been 

explored extensively and intensively as the “alkahest” solvent for elemental metal, chalcogens, 

metal chalcogenide, as well as for metal salts [26]-[29]. For example, Zhang et al. used metal 
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chloride as the cation source in propanethiol-hexylamine system and achieved 7.86% efficiency 

on CZTSSe solar cells in 2014 [27]. On this basis, Zhang and Wu et al. found that optimized 

annealing conditions led to an improved efficiency from 5.1% to 9.4%. In this case, elemental 

metals or chalcogens (Cu, Zn, Sn and Se) were dissolved in ethylenediamine-ethanedithiol 

mixture[30]as the molecular precursor. Also, using oxides (Cu2O, ZnO, SnO, and SeO2) as the 

cation and anion sources, Fu et al. also successfully improved the efficiency to 9.7% with a mixture 

solvent of ethanol, butylamine and thioglycolic acid [31]. Another widely-used solvent is dimethyl 

sulfoxide (DMSO). DMSO is relatively less toxic and more environmentally friendly compared 

with the amine-thiol mixture or hydrazin mentioned above. In 2011, Ki et al. dissolved metal salts 

(Cu(CH3OO)2, ZnCl2 and SnCl2) and thiourea in DMSO. The solution was spin coated and 

annealed as a CZTS precursor film, resulting in 4.1% efficiency [32]. Revised from this work, Xin 

et al. noticed that by adding Sn2+ after Cu salt was fully dissolved, instead of adding all the salts 

at the same time, could avoid the residual of  Cu2+ in solution, and helped the efficiency to improve 

to 8.3% [20]. 

1.3.2.2 Kesterite thin films from colloidal nanoparticle route 

The colloidal nanoparticle route offers another versatile solution processing for CZTS precursor 

film. In this method, CZTS nanoparticles are formed in an aqueous or organic solution in the 

beginning. These nanoparticles are washed and collected, then dispersed in a solvent to form a 

colloidal ink for deposition of thin films, followed by an annealing process. Different from the 

baking process in molecular precursor that CZTS nanoparticles start to form in this step (as shown 

in Figure 1.9), the main purpose for annealing here is to remove the solvent used for dispersion 

and achieve densely packed large grains. Similar to the precursor film after molecular precursor 
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deposition, the nanoparticle films also need to be treated under sulfur or selenium vapor at elevated 

temperature to convert the nanoparticle film into thin films with large grains for light absorption.  

 

 

Figure 1.9  Schematic of solution processing through molecular precursor route  

and colloidal nanoparticle ink route. 
 

As early as 2009, Guo et al. reported that CZTS nanoparticles were successfully synthetized from 

an oleylamine-based solvent-thermal reaction, which can be used for photovoltaic application [33], 

and 7.2% efficiency was reported with a modified elemental ratio between Cu/Sn and Zn/Sn [34]. 

With optimization of the nanoparticle synthesis, washing procedure, annealing, and selenization 

conditions, the efficiency was brought up to 9.0% without an anti-reflective layer from the same 

group [21]. Further improvements have been made by alloying the nanoparticles with different 

other elements, such as Ge or Ag [35], [36].  

 

Compared with other deposition techniques, there are so many advantages of the colloidal 

nanoparticle-ink route. Large scale areas of CZTS nanoparticle can be synthesized within a 
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relatively wide temperature range in multiple different solvent systems, such as oleylamine (OLA), 

oleicacid (OA), octadecene (ODE), dodecanethiol (DDT) or even in an aqueous environment [34], 

[37]-[40]. The nanoparticle ink can be printed with high throughput and minimum material loss. 

Additionally, the CZTS quaternary phase is already formed in the nanoparticle before film casting, 

which lowers the possibility of secondary phase(s) formation during the following heat treatment.  

 

Despite the benefits of the nanoparticle ink route, CZTSSe thin film solar cells fabricated from 

this method seemed to meet a bottleneck after a few years of rapid development. Other than the 

intrinsic material problem, which we will discuss in later chapters, the process itself has a few 

limitations.  

 

First of all, CZTS crystals, occupy only a very small region in the quaternary phase diagram [37]. 

Once the nanoparticles are formed, the composition is fixed. Even if different concentration of 

precursors could be used before the reaction, the impact to the final nanoparticle composition is 

very limited. When CZTS nanoparticles get to their preferred composition, the extra cations may 

end up with being washed away during the particle washing procedure.  

 

Secondly, as shown in Figure 1.9, when synthesized in an organic solvent, such as oleylamine, the 

nanoparticle surface is covered with ligands. Although these ligands prevent the particles from 

agglomeration in the liquid phase, oxidation when they are dry, they also leave residual after heat 

treatment. If the carbon species cannot be evaporated rapidly during selenization, there is a big 

chance that they can combine with Se and form complexes in the “fine grain” layer. The fine grain 

layer is characteristic for non-hydrazine processed kesterite thin films. This C-Se rich layer may 
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not only affect the electronic properties of the final device in vertical direction, but also rule out 

the possibility of making this film absorb light from both side due to its porous nature, which 

scatters most of light.  

 

In the following chapters, the advantages and disadvantages of the nanoparticle ink based solution 

route to kesterite thin films will both be discussed. The whole process of the kesterite thin film 

formation is generally broken down into 3 steps: 1. nanoparticle synthesis; 2. nanoparticle film 

coating and baking; 3. Selenization. In chapter 2, Ag-alloyed (less than 50%) CZTSSe, including 

the nanoparticle synthesis and film fabrication with different stoichiometric ratios are discussed. 

Chapter 3 focuses on the synthesis of AZTS nanoparticles and Chapter 4 demonstrates the process 

of selenization for AZTSe films. Chapter 5 is a side project working on the buffer layer for 

nanoparticle ink based metal chalcogenide thin films.  
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2. SILVER-ALLOYED CZTSSE THIN FILM PHOTOVOTAICS 
THROUGH NANOPARTICLE ROUTE 

 Introduction of Cu2ZnSn(S,Se)4 and its limitation as light absorber material 

Due to the terrawatt-scale energy need, thin film solar cells fabricated with earth-abundant 

materials have become the hotspot of photovoltaic research. Among all kinds of new materials that 

are under investigation, Cu2ZnSn(SxSe1-x)4 (CZTSSe) draws significant attention. Similar to 

CIGSe, this material has a tunable band gap (with different S:Se ratio), high absorption coefficient 

(104 in visible light range), as well as being low-toxicity to both human beings and the environment. 

The record efficiency of solar cells using CZTSSe as an absorber layer dramatically increased from 

about 2.67% to 12.6% in about 12 years [19], [38], and more than 9% efficiencies are achieved by 

various of deposition techniques, including co-evaporation, sputtering, molecular precursor spin 

coating, and nanoparticle doctor blading[21], [24], [39], [40]. 

 

However, they stagnated at 12.6%, and no further improvement has been made towards higher 

efficiency for CZTSSe thin film solar cells as of today (February 2019). Researchers from different 

groups pointed out that the major loss in CZTSSe solar cells is from open circuit voltage (Voc). 

The difference between the optical band gap (Eg) and the measured open circuit voltage (Voc) can 

be described as: 

 𝑉STU =
𝐸𝑔
𝑞 − 𝑉*+ 

2.1  

where q is the electron charge. For all the solar cells with ~20% efficiencies, such as GaAs, c-Si, 

methyl-ammonium lead iodide based perovskite, and CIGSe, their Vdef are under ~40% Eg; while 

even for CZTSSe solar cells with record efficiency, Vdef is about 62% of its optical band gap [41]. 



 
 

36 

Gokmen et al. from IBM are among the pioneers suggesting that band tailing is the fundamental 

bottleneck of this material [42]. They demonstrated a significant disagreement between the band 

gap energy interpreted from internal quantum efficiency (IQE) and photoluminescence spectra (PL) 

by comparing CZTSSe (10.7 % PCE) and CIGSe solar cells  (10.7 % PCE). The band gap energy 

of CZTSSe films determined from PL is about 100 meV higher than that in IQE. They proposed 

that this difference is coming from the band gap fluctuation or electrostatic potential fluctuation as 

shown in Figure 2.1.  

 
Figure 2.1 The schematic of (a) electrostatic potential fluctuation, and (b) band gap fluctuation  

 

The Eg extracted from IQE reflects the absorption from the highest point of valence band to the 

lowest point of the conduction band after the fluctuation, while the peak in PL spectra contains all 

the conduction-to-valence band emissions, and the peak position corresponds to an average 

distance between the conduction band minimum and valence band maximum. It also explains why 

the PL peak in CZTSSe thin film is broadened, with a full-width at half-maximum (FWHM) of 

110 nm, while that value of CIGSe thin film is only 60 nm, due to fewer defect states in contrast 

with CZTSSe. 
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For the origin of the defects in CZTSSe [43], [44], Chen et al. concluded that the intrinsic defects/ 

defect clusters generate trap states for electrons, which is detrimental to the PCE of CZTSSe solar 

cells. Generally, the CZTSSe that are used for absorber materials are in a kesterite structure (I2-II-

IV-VI4, space group I4Y) as shown in Figure 2.2. S or Se atoms occupy the center of alternating 

tetragons, which are located at z=1/8, 3/8, 5/8 and 7/8 planes of the lattice. For the cations, Cu and 

Sn atoms are located at z=0 and z=1/2 planes with alternating arrangement; so do Cu and Zn atoms, 

which are located at z=1/4 and z=3/4 plane.  

 

Figure 2.2 Crystal structure of kesterite CZTSe and the ordered and disordered z=¼ or ¾ plane 

 

According to the lattice structure, the stoichiometric ratio should be Cu:Zn:Sn:S or Se = 2:1:1:4. 

However, almost all of the reported CZTSSe solar cells has a significant off-stoichiomety 

composition, normally Cu-poor and Zn-rich. Other than the possibility of secondary phase(s) (Cu2-

xS, ZnS, SnS, SnS2 or Cu2ZnS3) formation, the non-stoichiometric composition can also be a 

product of intrinsic point defects. Compared with binary CdTe or ternary CISe, while also adapted 

from diamond cubic or zinc blend structure, the CZTSSe lattice contains more elements and more 
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species of intrinsic point defects, including vacancies, interstitials as well as anti-site defects, such 

as CuZn, ZnCu SnZn CuSn etc.. A high population of those point defects will generate defect or trap 

states in between the band gap, which will strongly affect the carrier concentration, recombination 

and the open circuit voltage CZTSSe solar cells. Among all different species of point defects, VCu 

gives very shallow acceptor defects and is mainly responsible for the p-type behavior of CZTSSe, 

and [CuZn +ZnCu], as an acceptor-donor pair, has the lowest formation energy, since Cu and Zn 

have similar size and chemical valence [43]. Giving the high population of Cu-Zn bonding in 

CZTSSe, if we assume the density of such anti-site defects can be calculated by an Arrhenius 

equation associated with the density of Cu-Zn bonds: 

 𝑁STUT+[ = 2𝑁]*(Sexp	(−
𝐸𝑎
𝑘b𝑇

) 2.1  

in which Ea is the activation energy for these anti-site defects, the defect density can be as high as 

~1029 cm-3 even at room temperature, giving the calculated activation energy of only 0.2 eV [42]. 

Even for deep defects such as SnCu,  the concentration can be as high as 1016 cm-3 at 800 K, which 

is commonly a CZTSSe synthesis temperature, which is almost comparable with the carrier 

concentration in this semiconducting material[45].  

 

For different kinds of defects or defect clusters, there are different opinions regarding how they 

affect the final performance of the solar cell. Some work has demonstrated that these defect clusters 

might be benign. Based on a First Principle Calculation, Wei et al. concluded that [CuZn +ZnCu] 

only results in a very slight valence band edge shift. Furthermore, the ionization of CuZn can even 

help with the generation of holes and improve the carrier conductivity [43]. Instead, the donor 

defects, such as SnCu, SnZn, offers defect states for the recombination of electrons and holes. 

Experimentally, Hempel and Unold et al. also showed that by using time-resolved terahertz 
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spectroscopy to determine that the carrier lifetime, that the characteristic of the trap defect density, 

was not relevant to the Cu-Zn disorder [46]. On the contrary, Scragg et al. experimentally confirm 

that the density of Cu-Zn anti-site defects is significantly correlated to the degree of band edge 

fluctuation [47]. Zawadzki and Lany et al. combined those different results and show that, because 

of the disorder of Cu and Zn, charged cation clusters/ other cation disordered defects were formed, 

which dramatically changed the electrostatic potential fluctuation, therefore leading to severe band 

tailing [48].   

 

Despite the dispute of which defect(s) should be responsible for the Voc deficit, all the evidence 

pointed out that, CZTSSe does not have preferred defect properties compared with traditional 

metal chalcogenide light absorbing materials, such as CIGSe or CdTe. To improve the defect 

behavior, different elements were added into this quaternary system as doping or alloying, 

including lithium [40], germanium [49],[36] [50] cadmium [51] and silver [52] [35], [53], [54]. 

Among all those substitutions (partially or fully), Ag achieved remarkable performance regarding 

the power conversion efficiency. By either introducing a silver-graded absorber layer or by using 

a small doping level of Ag, Wu et al. achieved more than 10% PCE with enhanced open circuit 

voltage compared with CZTSSe solar cells [53], [55]. However, most of this work was based on 

molecular precursor route for the ACZTSSe thin film. As another competitive solution processing 

method, how the silver incorporation will influence the AZTSSe thin films will be discussed from 

the nanoparticle ink route from following methods:  

a. How does Ag/ Ag compound coated on top of the nanoparticle film changes the selenization 

behavior, as well as the resulting photovoltaic performance?  
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b. If Ag is added during the nanoparticle synthesis, how would the original kesterite system takes 

different amount of Ag during nanoparticle synthesis as well as large grain formation?  

c. How are the film morphology and optoelectronic properties are affected by different level of 

Ag-alloying?  

 CZTS nanoparticles with different Ag concentration 

2.2.1 Experiment  

The nanoparticle synthesis was following the recipe of previous work [21], [35]. Silver was added 

into the system as silver acetylacetonate (Ag(AcAc), 98 % Sigma-Aldrich) along with all the other 

cation sources. In this section, ACZTS nanoparticles with [Ag]: [Ag+Cu] ratio of 10%, 20%, 30%, 

40% and 50% are prepared according to the precursor concentration. All the nanoparticles were 

synthesized with the composition of [Cu+Ag]: [Sn]=1.74 and [Zn]: [Sn]=1.05, which are Cu-poor 

and Zn-rich, as demonstrated by most high efficiency kesterite absorbers. To prepare the (scanning) 

transmission electron microscopy samples, the nanoparticles were dispersed in hexanethiol (HT) 

at the concentration of 250 mg/mL, and then diluted in toluene by 1000 times. This diluted 

nanoparticle ink was ultra-sonicated for 15 min and then immediately drop cast (30-50 µl) on a 

silicon nitride (SiN) grid (5 nm thick SiN film, SiMPore Inc.). 

2.2.2 Characterization on the ACZTS nanoparticles 

The X-ray diffraction patterns for CZTS nanoparticles with different concentration are shown in 

Figure 2.3. From 0% to 20% Ag alloyed CZTS nanoparticles, the XRD patterns of ACZTS 

nanoparticles matches the standard CZTS (space group I-4) perfectly, except for the left shoulder 

on the (112) peak, which may correspond to stacking faults in the nanoparticles. Since the stacking 

fault in kesterite CZTS may result in a local wurtzite structure, the (100) peak of wurtzite CZTS 
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presents as a small shoulder at the (112) peak of kesterite CZTS. For nanoparticles that contain 

more than 30% [Ag]/[Cu+Ag], peaks from secondary phases show up; most of them are for ZnS 

and SnS2. However, based on the calculations from Gong et al., we should see a lattice parameter 

change from pure CZTS towards AZTS [56]. If Vegard’s law is applied, a 0.35° peak shift to the 

low angle side is expected of (112) peak from 0% and 50% Ag-alloyed CZTS. This implies two 

possibilities: either the Ag-alloyed CZTS nanoparticles are highly strained to compensate to the 

large size Ag atoms, or Ag does not fully incorporate into the lattice during this nanoparticle 

synthesis.  

 
Figure 2.3 XRD of CZTS nanoparticles with 0%, 10%, 20%, 30%, 40% and 50% of [Ag]/ 

[Ag+Cu] ratio as a comparison to the standard CZTS. The triangle marks are for the diffraction 
peaks from ZnS and the star markers are for the diffraction peaks from SnS2. 
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To further explore the form of Ag exists in nanoparticles, high resolution STEM equipped with 

EDS detector was employed. 20% and 50% Ag-alloyed nanoparticles were used as examples. For 

the 20% Ag-alloyed CZTS, the STEM image is shown in Figure 2.4 (a). Most of the particles have 

irregular shapes with an average size around 30-40 nm, which are different from CZTS 

nanoparticles [57]. The few bright spots, representing high atom number elements, are confirmed 

to be silver-rich points. This also explains why there is no peak shifting in XRD of these 

nanoparticles. A considerable amount of silver did not exist as ACZTS nanocrystals. If these tiny 

spots of silver or silver sulfide were amorphous, XRD was not able to pick up any signals from 

them. Another notable difference from CZTS nanoparticles is there is a significant composition 

non-uniformity, especially for Zn. A few particles show higher Zn, as well as lower Cu and Sn 

concentration, compared with other surrounding particles. However, these Zn-rich particles do not 

share a common shape or size.  
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Figure 2.4  (a) STEM image of 20% Ag-alloyed CZTS nanoparticles and the corresponding 
elemental distribution of (b) Ag, (c) Cu, (d) Sn, (e) Zn and (f) S 

 

For 50% Ag-alloyed CZTS, from the low-mag TEM view, there were two distinct microstructures 

as shown in the TEM image of the particles (Figure 2.5 (a)). One species is thin slice or nanosheet 

with diameters as big as a few micrometers, which are SnS2 confirmed with EDS. The others are 

nanoparticles with a very wide size distribution. Different from the 20% Ag-alloyed case, the big 

particles are hundreds of nanometers and the small particles are less than 10 nm. This agrees with 

the XRD peaks from 50% Ag-alloyed CZTS having been broader than 10% or 20% ACZTS.  
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Figure 2.5 (a) TEM and (b) STEM image for 50% Ag-alloyed CZTS nanoparticles along with 
ZnS and SnS2 secondary phases. 

 

 CZTSSe thin films with different Ag concentration 

2.3.1 Experiment 

The nanoparticles we describe previously were dispersed in hexane-thiol at the concentration of 

250 mg/ml. 15mL nanoparticle ink was drop cast on one edge of a 5 cm* 2.5 cm molybdenum 

coated (800 nm) soda lime glass and then doctor bladed into thin films in ambient atmosphere. 

The as-coated film was drying in the fume hood for 4 min before it was annealed on a hotplate at 

300°C for 1min.This process was repeated for the second time to obtain a total film thickness 

around 800 nm. For the pure CZTS nanoparticle film, two Ag coating methods were applied here: 

I. 10nm-thick layer of Ag was thermally evaporated onto it before selenization. II. Molecular 

precursor with [Ag]: [Zn]: [Sn]= 1.7 :1.2 :1 was spin-coated on top of the CZTS nanoparticle film. 

For the molecular precursor, 1, 2-Ethanedithiol (>98%, Sigma-Aldrich) and hexylamine (99%, 
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Sigma-Aldrich) with 1:1 volume ratio was used as solvent. Silver acetylacetonate (Ag(C5H7O2) 

98%, Sigma-Aldrich), zinc acetylacetonate hydrate (Zn(C5H7O2)2•xH2O, 99.995% trace metals 

basis, Sigma-Aldrich) and tin(IV) bis(acetylacetonate) dichloride (Sn(C5H7O2)2Cl2, 98%, Sigma-

Aldrich) are used as the cation source or solute at the [Sn]=0.02 M. 

 

These surface-coated CZTS nanoparticle film as well as Ag-alloyed CZTS nanoparticle film were 

enclosed with ~260-280 mg of Se pellets (>99.99% trace metals basis, Sigma-Aldrich) in a 

graphite box. The graphite box was inserted into a tube furnace after the tube was purged with Ar 

for 3 times and preheated to 500°C. After 40 min of selenization, the furnace was opened and the 

tube was cooled in air, which took about 80 min from 500°C to less than 50°C. Right after 

selenization, a 50 nm cadmium sulfide (CdS) was deposited on the selenized film by chemical bath 

deposition, followed by ZnO (80 nm, sputtering)/ ITO (220 nm, sputtering)/Ni (100 nm, e-beam)/ 

Al (2.5 µm, e-beam) to finish the photovoltaic devices.  

 

2.3.2 CZTSe films with Ag-containing top coating  

A silver/ silver-contained compound coating on top of the nanoparticle film is used to enhance the 

grain growth during selenization [35]. It also has been confirmed that higher concentration of Ag 

at the p-n junction will be helpful to create favorable defect formation and retard the Fermi level 

pinning[53], [58].  Figure 2.6 shows the microstructures of the selenide films with different surface 

treatment as a comparison to the pure CZTSSe case from the top view in SEM. The ratios between 

different cations in these three samples are also compared based on SEM-EDS, as is listed in Table 

2-1. 
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Figure 2.6 The architectures (before selenization) and SEM top-view images of (a) reference 
CZTSSe, (b) CZTSSe with AZT precursor coating and (c) CZTSSe with elemental Ag coating. 

All the scale bar in the SEM images are 3µm. 
 

Table 2-1 Atomic composition and efficiency comparison among different surface treatment 

Sample [Cu+Ag]/[Sn] [Zn]/[Sn] Efficiency  
CZTSSe 1.81 1.02 6.37% 

AZT-CZTSSe 1.80 1.07 6.56% 
Ag-CZTSSe 1.97 1.03 4.06% 

 

 

The top views of the selenized films look very similar to the normal CZTSSe films. Only the film 

with Ag coating on top has bigger grains as well as less faceted surface features, which was 

probably because of higher concentration of Ag at the top [35]. However, this film had the lowest 

efficiency among the three. Associated with the composition, after elemental Ag coating, it broke 

the stoichiometry of the nanoparticles by adding more +1 cations.  As a result, the [I]/ [IV] was 

almost 2. However, high-Cu or near-stoichiometry Cu concentration is not favorable for the 

acceptor defect formation, as we demonstrated before. This problem may be resolved by starting 
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with nanoparticles with even poorer Cu condition with more detailed study. By contrast, when Zn 

and Sn are coated along with Ag, the original cation ratio is reserved and has improved PCE 

compared with the original CZTSSe solar cell.  

 

For the cell with best performance from AZT-coated CZTSSe solar cells, a thin slice of the cross-

section of this device was cut and lifted out for STEM. It is noticeable that the fine grain layer is 

about 500 nm thick. This is significantly thicker than the champion nanoparticle ink processed 

CZTSSe films, which may have a negative impact on the solar cell performance regarding 

increased series resistance [21].   This probably comes from the organic complexes we introduced 

through the molecular precursor. The amine-thiol combination made more complexes that cannot 

be removed during selenization.  The silver distribution after selenization is also studied in STEM 

equipped with EDS. EDS signals were collected from the area indicated by the yellow rectangle, 

shown in Figure 2.7, and the elemental atomic percentages are listed in Table 2.1. 

 

Figure 2.7  Indication of different regions for quantitative EDS analysis 
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Table 2-2 Composition of different regions in AZT-coated CZTSSe film after selenization 

Region Ag/ 
at. % 

Cu/ 
at. % 

Zn/ 
at. % 

Sn/ 
at.  % 

S/ 
at. % 

Se/ 
at. % 

C/ 
at. % 

[Ag]/[Ag+Cu] 

Region 1 1.26 24.49 14.53 11.97 6.95 40.80 0 0.049 
Region 2 0.18 24.46 12.64 12.45 10.17 40.11 0 0.007 
Region 3 0.77 49.87 2.82 2.26 8.57 29.23 6.48 0.015 

 

Since the silver concentration is quite low, the vertical line scan was not able to distinguish the 

concentration difference. As a result, integration of signals from different areas along the thickness 

were used to determine the elemental concentration. Comparing the composition between the top 

region (region 1) and the bottom region (region 2) of the large grain area, silver is found to have 

mostly stayed at the top region, since the amount of silver on the top is about 7 times of that in the 

bottom of the large grain. This result agrees with the previous research that shows the selenization 

is a process from top down [59]-[61].  Other than a small amount of silver in the molecular 

precursor might infiltrate into the nanoparticles layer before selenization, it would be very difficult 

for Ag atoms to diffuse to the bottom.  Because once the top layer of (A)CZTSe grains are formed, 

Ag atoms can only get to the bottom through solid phase diffusion, which is much slower than the 

diffusion in liquid selenium, the material transport method in nanoparticles during selenization. 

The composition in the fine grain layer (region 3) is very different from that in large grains. It is 

significantly Cu rich. This is partially because of the artifact during TEM sample preparation 

because Cu is very mobile under the ion beam flush. Other than Cu, Se, S and carbon are left in 

the fine grain layers as they are the leftover of the reaction product from selenium and oleylamine 

based  organics [62]-[64].   
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2.3.3 ACZTSSe thin films with Ag-alloyed nanoparticles 

2.3.3.1 Crystallographic change with Ag-alloying 

The Ag-CZTS nanoparticle films with different Ag concentrations were selenized in a tube furnace.  

The crystallographic information was checked in XRD and is shown in Figure 2.8. For the CZTSe 

film with no Ag alloying, all the peaks match with standards but are slightly shifted to the high 

angle direction. This is because of the sulfur residual in the film, making the lattice slightly smaller 

than that of pure selenide. No peaks from secondary phase(s) were detected from the XRD patterns. 

When increasing amount of silver was added into the system, all the XRD peaks shifted to the low-

angle side, corresponding to the Ag-induced lattice expansion. Furthermore, (220) and (204) peaks 

started to split due to a different c/a ratio in CZTSe and AZTSe system, which was also the case 

for peak (132) and (116). The d-spacing between (112) planes is calculated from the (112) peak 

position in XRD patterns as a function of different Ag content. As a comparison, the theoretical 

values for (112) d-spacing were calculated assuming a linear relationship of the lattice parameter 

between standard CZTSe and AZTSe as shown in Figure 2.9. All the experimental data are smaller 

than the calculated d-spacings because of the residual sulfur. The d-spacing gradually increased 

from 0% to 50% [Ag]/[Ag+Cu] (the line between point does not imply an linear relationship 

between different compositions.). It is noticeable that when [Ag]/[Ag+Cu] is at 40% or 50%, the 

distance between the theoretical value and experimental value is decreased significantly, 

demonstrating more completed selenium substitution for sulfur.  
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Figure 2.8 XRD patterns of Ag-alloyed CZTSSe thin films with different Ag concentration as a 
comparison to CZTSe (JCPDS 01-070-8904) and AZTSe (Simulated pattern based on the 

crystallography information provided from Gong et al. [65]) standard 
 

 

 

Figure 2.9 Comparison between calculated and XRD measured d-spacing of (112) plane  
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Raman spectra were measured for these selenized thin films with an incidence laser wavelength of 

633 nm, as shown in Figure 2.10. Other than the 4 peaks coming from CZTSSe, there is an 

additional peak at ~330 cm-1, which is from the residual sulfide nanoparticles. With the increase 

of the Ag concentration in the lattice, the peak from sulfide nanoparticles became less significant, 

suggesting that Ag-alloying helps with the processing of converting sulfide nanoparticles to 

selenide thin films, which agrees well with lattice parameter calculated from the XRD pattern. 

The peaks located at 175 cm-1 and 197 cm-1 correspond to the A mode vibration in CZTSSe. The 

anions are involved in the A-mode vibration. For example, the peak 197 cm-1 is from the stretching 

of Sn-S bonding. The sharpness of this peak represents anion ordering between S and Se. From 0% 

to 30% Ag-alloying CZTSSe, the sharpness of this peak increased, showing a more sulfur depleted 

situation with increased Ag content. While when Ag concentration increases further to 40% or 

50%, there is no significant change in the sharpness of this peak. Although only anion stretching 

is involved in the A mode here, when the crystallography environment of S or Se changes, such as 

by Cu-Zn disordering, the stretching frequency of will change as a result [66]. The asymmetry and 

widening of the A peak in pure CZTSSe Raman spectra is such a case.  The order-disorder can 

also be identified by the intensity of A mode to B mode (248 cm-1) and E mode (233 cm-1), 

demonstrated by Scragg et al. [67], but it is not significantly applied in our situation. An incident 

laser with close to resonant wavelength may be needed to reveal more detailed changes in the 

crystal structure.  
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Figure 2.10  Raman spectra of the selenized films with different Ag concentration. The grey lines 
correspond for the standard CZTSSe and the orange one corresponds for standard CZTS  
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2.3.3.2 Microstructure change with Ag-alloying 

 
Figure 2.11 Top view of the ACZTSSe films with [Ag]/[Ag+Cu] ratio at (a) 0%, (b) 10%, (c) 

20%, (d) 30%, (e) 40% and (f) 50%. 

 

 

Figure 2.12 Side view of the ACZTSSe films with [Ag]/[Ag+Cu] ratio at (a) 0%, (b) 10%, (c) 
20%, (d) 30%, (e) 40% and (f) 50%. 
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Table 2-3 Grain Size changes with composition 

Ag 
concentration 
in precursor 

 
0% 

 
10% 

 
20% 

 
30% 

 
40% 

 
50% 

grain 
size(µm) 

0.98 1.4 1.84 1.94 2.99 7.38 

[Cu+Ag]/Sn 1.74 1.79 1.84 1.89 1.93 1.92 

[Ag]/[Cu+Ag] 0 0.10 0.21 0.28 0.46 0.52 

[Zn]/[Sn] 1.02 1.04 1.05 1.08 1.11 1.07 

[S]/[S+Se] 0.20 0.12 0.11 0.09 0.07 0.05 

 

The top and side views of these selenide films are shown in Figure 2.11 and Figure 2.12. The 

corresponding ratios of different cations are also listed as obtained from EDS. For the 

[Ag]/[Ag+Cu] ratios, the measured values agree with the chemical ratios added into the reaction. 

[Zn]/[Sn] also keeps relatively the same. The sulfur composition is significantly reduced with 

enhanced Ag alloying level, which is consistent with the Raman or XRD conclusion. At the same 

time, the [Ag+Cu]/[Sn] or [I]/[IV] ratio increases with the increase of Ag concentration, although 

they were the same in the starting precursor. Based on first principle calculations, the VCu is one 

of the primary defects formed in CZTSSe due to its low formation energy[43], so Cu-poor CZTSSe 

is thermal dynamically favorable. When Ag is incorporated into the system, these defects   have 

higher formation energy because Ag lowers the valence band position.   As a result,  the I cation 

vacancy is decreased and [I]/[IV] increases accordingly [58].  

 

From the SEM top view images, it can be clearly seen that the grain size is increasing with the Ag 

concentration and the average grain size of each film is listed. The average grain size is estimated 

by counting more than 100 grains in a certain area. The grain diameter d is expressed as: 
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 𝑑 =
1

(𝑁%)d/N
 2.2  

in which Na is number of grains per unit area. The composition of the films as well as the average 

grain sizes of different Ag alloying levels are shown in Table 2-3. These were different from the 

sulfide case. Both experimental and simulation results show that Ag incorporation made CZTS 

grains smaller [51], [68]. Besides, from the side-view SEM images, it also showed that the fine 

grain layer was significantly reduced. The reduced fine grain layer may come from the two reasons:  

a. The Ag-alloyed CZTS nanoparticles have bigger grain size, which means the surface-to-

volume ratio is smaller than that of the pure CZTS case compared with previous studies 

[21], [69].   As a result, the density of ligands attached to the surface of the nanoparticles 

is reduced. Since most of the fine grain layer is a reaction product of selenium and carbon 

species from the ligands, the bigger nanoparticles will give less carbon-selenium 

complexes.   

b. There are also some unreacted nanoparticles left in the fine grain layer. Since Ag 

accelerates the selenization, the reaction at a higher Ag alloying level is more completed 

compared with pure CZTSSe. Fewer unreacted nanoparticles are left in the fine grain layer 

as a result.  

 

Other than the grain size and fine grain layer thickness, the grain top is getting flatter with increased 

Ag concentration in the film. The flat surface of the light absorber layer is also preferred for the 

photovoltaic performance. With a flat surface, the sequential layer deposited on it will be more 

uniform. Less light scattering and lower series resistance is expected with a flat interface. To 

examine if the all the elements were uniformly distributed after selenization, a 20% Ag-alloyed 

CZTSSe device was cut using FIB to look at the cross-section.  
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Figure 2.13 STEM-EDS mapping of Cu, Ag, Zn, Sn, S and Se in a 20% Ag-alloyed CZTSSe 
devices. From top-down, the layers are corresponding to Pt-capping layer/ Au conducting layer/ 
ITO/ ZnO/ CdS/ ACZTSSe/ fine grains layer/ Mo. The bright spots on surface of the large grains 

are oxides introduced by surface oxidation.  

 

From Figure 2.13, it can be seen that although no secondary phase(s) were shown in XRD or 

Raman, the absorber large grains still have some Ag-rich spots. These fluctuation of composition 

across the large grain may results in trap states, increase the recombination rate and reduce the 

efficiency compared with the pure CZTSSe case.  

 

The high concentration of Ag does not necessarily correlate with high PCE of the solar cell. Instead, 

the highest efficiency came from relatively low Ag-alloying level, such as 3% or 5% [35], [53], 

[55]. More detailed study on the optoelectronic properties of ACZTSSe thin films need to be 

studied.  
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 5% Ag-alloyed CZTSSe thin films with different [I]/[IV] ratio 

In this section, [Ag]/[Ag+Cu] ratio is fixed at 5%, which was shown to achieve relatively high 

efficiencies in previous work[35]. However, the [I]/[IV] was set to be the same as pure CZTSSe 

case. Based on the previous discussion, it is concluded that [Ag+Cu]/[Sn] also plays an important 

role in the defect chemistry. Here, the focus is on how the [I]/[IV] ratio will affect the 

optoelectronic properties of the absorber thin film.  

2.4.1 Nanoparticle synthesis with different [I]/[IV] ratio 

All the nanoparticles are synthesized with the same method as described before. The only 

difference is [Ag+Cu]/[Sn] ratio was set to be 2.0, 1.9, 1.8, 1.7, 1.6 and 1.5, separately, by 

controlling the amount of Ag(acac), Cu(acac) and Sn(acac)2•Cl2 dissolved in OLA before the 

injection.  
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Figure 2.14 XRD of 5% Ag-alloyed CZTS nanoparticles with different [Ag+Cu]/[Sn] ratio 
compared with standard kesterite CZTS (JCPDS 26-0275) 

 

Although the ratio between I and IV cations was changed from stoichiometry (2.0) to 1.5, the XRD 

of as-synthesized nanoparticles was the same except for the one with [Cu+Ag]/[Sn]=1.5, as shown 

in Figure 2.14. When the [Cu+Ag]/[Sn]=1.5, an extra peak at ~32° exists, which does not belong 

to CZTS. This peak probably corresponding to the (002) peak from Cu1.8S (Space group Fm3Y𝑚, 

ICSD-57213). However, due to the Cu-poor condition, if Cu1.8S exists as one of the secondary 

phases, there had to be a Zn or Sn related compound to balance the mass.   
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Figure 2.15 (a) STEM image of (Cu0.95Ag0.05)1.5Zn1.05SnS4 nanoparticles and elemental 
distribution of (b) Cu, (c) Zn, (e) Sn, (f) S and the (d) overlapped elemental distribution 

 

To examine secondary phase(s) other than Cu1.8S, STEM-EDS were conducted on those 

nanoparticles, as shown in Figure 2.15. From the elemental distribution, besides the intra-particle 

inhomogeneity, there was a significant difference between Cu and Zn from particle to particle. For 

example, as labelled in Figure 2.15(d), grain 1-5 had higher Zn and S mostly, while Cu and Sn 

signals were relatively weak. This indicated that there were ZnS along with CZTS nanoparticles. 

However, because of the overlap of XRD patterns between zinc-blend ZnS (ISCD-77090) and 

CZTS, the XRD pattern was not able to identify the existence of ZnS. Thus, it can be concluded 

that when [Cu+Ag]/[Sn]=1.5, ZnS and Cu1.8S co-existed along with CZTS nanoparticles.  
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2.4.2 ACZTSSe thin films with different [Cu+Ag]/[Sn] ratio 

 

Figure 2.16 XRD patterns of 5% Ag-alloyed CZTSSe thin films  

with different [Cu+Ag]/[Sn] ratio 
 

Since ZnSe has a slightly right-shifted XRD pattern from CZTSe, it is possible to distinguish ZnSe 

from CZTSe. Based on the XRD patters of the 5% Ag-alloyed CZTSSe films, there were no 

secondary phase(s), such as Cu1.8Se or ZnSe, that came from the impurities in the nanoparticles. 

This is conceivable considering the top-down process during the selenization. Different cations 

dissolved in selenium and precipitated out as CZTSe grains. Although there were Cu1.8S and ZnS 

nanoparticles in the precursor film, they would have been dissolved during selenization and acted 

as just cation sources. However, the different starting cation ratio still played a role in the final 
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film. First of all, although Cu1.8S and ZnS were dissolved, it still left local composition non-

uniformity, resulting in local band gap fluctuation. Secondly, the different starting concentrations 

of cations created different chemical potentials for the cations.  Although CZTSe precipitated from 

the selenium solution, these different chemical potentials resulted in different defect formation and 

changed the optoelectronic properties of the final film. The composition in the selenide film is 

plotted as a function of the precursor composition as shown in Figure 2.17.  

 

Figure 2.17 Cation ratio in the selenide films as a function of [Cu+Ag]/[Sn] in precursor 
 

The [Cu+Ag]/[Sn] ratio in the selenized films had a positive correlation to that in the precursor. 

Interestingly, although the [Zn]/[Sn] ratio was the same for all the precursors, the final films 

showed different [Zn]/[Sn], with a significant correlation to the ratio between [Cu+Ag] and [Sn]. 

When [Cu+Ag] started low, it ended up with high [Zn]. This agrees with the defect formation in 

CZTSSe [43], where VCu and ZnCu always form together as defect pairs. When Cu is deficient, it 

lowers the formation energy of VCu. As a result, ZnCu forms along with VCu and gives higher Zn 

concentration. This also demonstrates that CZTSSe is a very forgiving material. Due to the similar 
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size of all the cations, when one of them is deficient, the relatively small strain in the lattice always 

allows other cations to sit in those positions, especially for Cu and Zn. However, the sequential 

defect formation may change the carrier behavior significantly, which affects the final photovoltaic 

device performance.  

2.4.3 Carrier lifetime for ACZTSSe thin films solar cells with different [Cu+Ag]/[Sn] ratio 

The carrier lifetime was measured by time-resolved photoluminescence (TRPL) and a single 

exponential decay model is used to fit the characteristic lifetime of minority carriers: 

 𝐼 = 𝐴9 + 𝐵9exp	(−
𝑡
𝜏) 

2.3  

where I is the measured photon intensity, A0 is the baseline intensity, B0 is the pre-exponential 

constant, t is the time and 𝜏 is the minority carrier life time. The TRPL spectrum is shown in Figure 

2.18.  

 

Figure 2.18 TRPL data for ACZTSSe films with different stoichiometry 
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From the plot, when [Cu+Ag]/[Sn]=2.0 or 1.9, the carrier lifetime was significantly shorter than 

the other cases, especially for [Cu+Ag]/[Sn]=2.0.  However, for 1.5<[mnopq]
[7(]

<1.9, the decay curves 

almost overlapped with each other. The fitted carrier lifetime, as well as the photovoltaic 

performance of these thin film solar cells, are list in Table 2-4. 

 

Table 2-4 PCE performance as a function of [I]/[IV] 

Precursor 

composition 

[I]/[IV]=2.0 [I]/[IV]=1.9 [I]/[IV]=1.8 [I]/[IV]=1.7 [I]/[IV]=1.6 

Carrier 

lifetime (ns) 

<0.1 0.9 2.1 2.2 2.2 

PCE (%) 0.03 5.8 6.3 7.2 4.8 

Voc (V) 0.03 0.38 0.36 0.4 0.37 

Jsc (mA) 3.9 27.3 31.4 30 27 

Fill factor 

(%) 

22 57.5 56.8 60.7 48.5 

 

When [I]/[IV] was 1.7, the solar cell had its highest efficiency, which is close to the optimized 

[I]/[IV] ratio CZTSSe without Ag doping or alloying [21], [60]. The J-V curve of [I]/[IV]=1.9 and 

[I]/[IV]=1.6 (shown in Figure 2.19) are used as examples to analyze their loss mechanism. When 

[I]/[IV]=1.9, the Voc is comparable with the champion nanoparticle ink based CZTSSe devices, 

and Jsc is about ~15% less, partially because of the lack of anti-reflective layer. The major 

difference is from the fill factor. This low fill factor was mostly due to the low shunting resistance. 

For high-performance thin film solar cells, the shunting resistance should be at the scale of k-

ohm/cm2, while for this one, it is only 420 ohm/cm2. In the case of high [I]/[IV] ratio, the shunting 

of the device is expected. Tanaka et al. pointed out that, when [I]/[IV+II]>0.9, Cu2Se is formed 
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[70]. Cu2Se is a semi-metallic material with very high hole concentration and mobility, creating a 

shunting path in the absorber layer. Combined with the short carrier life time of this film, the 

existence of Cu2Se embedded in CZTSSe grains is highly possible. When [I]/[IV]=1.6, the fill 

factor was even lower. There are two major losses in the fill factor: high series resistance and high 

ideality factor. With low [I]/[IV], ZnS, which is almost an insulator,  may form locally and increase 

the series resistance [71], [72] in the absorber layer. The ideality factor here is significantly larger 

than 2, implying high density defect states at the interface of p-n junction [73].  

 

Figure 2.19  J-V performance of thin film solar cells with absorber composition of  
(a) [I]/[IV]=1.9 and (b) [I]/[IV]=1.6 

 

In conclusion, due to the dissolution-precipitation process during selenization, it is very difficult 

to make sure that the precipitated large grain layer has the same composition as the starting 

nanoparticles. However, with the off-stoichiometry composition, secondary phase(s) may form to 

balance the mass, although the amount is too small to be picked up in XRD or Raman. These 

secondary phase(s) play an important role in the I-V performance of the solar cell, affecting the 

shunt resistance, series resistance, and the defect states of the absorber material. An optimized 



 
 

65 

composition of 1.7 < [s]
[st]
	< 1.8 is desired for 5% Ag-alloyed CZTSSe thin films to minimize the 

formation of this secondary phase(s) and achieve high efficiencies.  

 Conclusion 

This chapter describes Ag-alloyed CZTSSe thin film deposition through nanoparticle ink route. 

CZTS nanoparticles with different Ag concentrations have been synthesized. There are two 

distinguishing characteristics for the nanoparticles after Ag-alloying: (1) Ag-rich particles are 

attached to CZTS nanoparticles, which may correspond to amorphous Ag or AgS. (2) When more 

than 30% Ag is added into the system, the nanoparticles start to show phase separation. ZnS 

nanocrystals and SnS2 sheets are formed along with CZTS nanoparticles.  

 

However, all these secondary phases can be digested after selenization. After selenization, no 

secondary phase(s) was detected from either XRD or Raman. Ag was incorporated into the large 

CZTSSe grains, confirmed by the expansion of lattice parameter with increased Ag concentration. 

Besides, Ag-alloying helps to form large and flat grains as well as more thorough sulfur depletion, 

both of which are preferable for high performance thin film photovoltaic devices.  

 

Finally, the optimization of [I]/[IV] ratio for 5% Ag-alloyed CZTSSe thin films was explored. 

With the [I]/[IV] ratio changed from 1.5 to 2.0, no detectable secondary phase(s) were found for 

the sulfide nanoparticles. The optoelectronic properties were severely affected by the 

stoichiometry, as well as the I-V performance. The [I]/[IV] ratio of 1.7-1.8 is preferred to avoid 

the formation of ZnS or Cu2Se, which changed the resistance as well as the recombination behavior 

significantly in the absorber layer.   
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3. SYNTHESIS OF SILVER ZINC TIN SULFIDE NANOPARTICLES 
AND EXPLORATION FOR THEIR FORMATION PATHWAY 

 Introduction and background 

As demonstrated in the previous chapter, silver zinc tin sulfide (Ag2ZnSnS4, AZTS) has preffered 

defect chemistry compared with CZTS, due to the high formation energy of I-II anti-site defects 

[51], [58]. AZTS is also a semiconducting material with high light absorption coefficient with a 

band gap width of about 2 eV.  

 

 

Figure 3.1 Kesterite and Stannite AZTS crystal structure 
 

There are two crystal structures of AZTS. One is kesterite and the other is stannite. These two 

structures are quite similar that the Sn and S atoms are almost at the same locations. In kesterite 

(I4Y), they are slightly less ordered than stannite (I4Y2𝑚), since in stannite, the z=1/4 and z=3/4 

plane are occupied by only Ag atoms, while in kesterite structure, Ag and Zn are in the same plane 
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alternately. Due to the similarity in crystal structure, the x-ray diffraction patterns of these two are 

similar with each other, especially the main peak positions, as shown in Figure 3.2. Only a few 

relatively weak peaks have different intensity or a minor peak shift. Limited by the resolution and 

intensity of the X-ray diffractometer, we are unable to tell the difference between kesterite and 

stannite structure of AZTS at this point. Based on the calculation, most researchers concluded that 

kesterite AZTS has lower formation energy than stannite AZTS [51], [65]. As a result, in this 

chapter, only the crystallography information from kesterite structure will be used as a future 

reference.  

 

Figure 3.2 Standard XRD for AZTS (a) Kesterite, simulated from Crystal Maker based on the 
lattice parameter from Gong et al. [65]; (b) Stannite, ICSD #605734 

 

Since 2010, attention has been paid to AZTS as a novel semiconducting materials [74]. It has been 

used for H2 production in the form of either particles or thin films [75]. Li et al. have synthesized 

AZTS particles from aqueous phase with diameter of 100-200 nm [76]. The as-annealed AZTS 

particles had a H2 production rate of 580 µmol/h with 1% Pt loading. Cheng et al. deposited AZTS 

films by sulfurization of co-sputtered Ag-Zn-Sn precursors [77]. The sample resistivity was tuned 

by changing the cation ratios and 0.31mA/cm2 photoelectrochemical current density was achieved 
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at the optimized composition. The possibility of photovoltaic application of this material has been 

explored as well.  For example, AZTS films were deposited by sputtering and followed 

sulfurization in H2S. By different sputtering sequence and thickness, either n-type or p-type AZTS 

thin films were obtained. These films were assembled into a photovoltaic device and 0.87% and 

1.38% efficiencies were achieved as homojunction and heterojunction  solar cells , separately [78], 

[79].  

 

Despite all these application of AZTS, the particle they synthesized or the film they deposited 

always have binary or ternary phases as impurities, such as ZnS, SnS2 or Ag8SnS6 [74], [77], [79]. 

As semiconductors, the impurities not only behave as fluctuation spots on the optoelectronic 

properties of AZTS, but also have a negative influence on the characterization of this material. 

Here, an oleylamine based AZTS nanoparticle synthesis route is demonstrated. Also, how the 

particle phase(s), size, morphology are evolved in the solution with reaction time is presented to 

reveal the evolution path for AZTS nanoparticles.  

 Experiment 

3.2.1 Materials 

Silver acetylacetonate (98%, Sigma-Aldrich) was stored at 4°C under N2 atmosphere when not in 

use. Zinc acetylacetonate hydrate (99.995% trace metals basis, Sigma-Aldrich) and tin (IV) bis-

(acetylacetonate) dichloride (98%, Sigma-Aldrich) were stored at room temperature in a N2 

atmosphere. Oleylamine (OLA) (>98%, Sigma-Aldrich) was degassed by three freeze-pump-thaw 

cycles prior to use. Methanol (99.9%, Fisher), 2-isopropanol (>99.9%, Fisher) and hexane (99% 

pure, mixture of isomers, Fisher) were used as received to wash nanoparticles. Potassium sulfate 
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(K2SO4, >99.0%, Sigma Aldrich) was used as the electrolyte in aqueous solution for 

photoelectrochemical measurements.  

3.2.2 Nanoparticle synthesis and washing 

Typically, 0.6 mmol silver acetylacetonate, 0.33 mmol zinc acetylacetonate hydrate and 0.33 mmol 

tin (IV) bis-(acetylacetonate) dichloride were dissolved in 8mL OLA under N2 atmosphere at 65°C 

(m-OLA). In addition, 6 mmol S was dissolved separately in 6 ml OLA under N2 at 65°C (s-OLA). 

To start the reaction, 12 mL OLA was added into a 100-mL three-neck flask and stirred at 300 

rpm. The OLA was heated to 35°C and purged with argon 3 times. The solution was then heated 

to 135°C for a second 3-cycle purging to remove the gases and light impurities. The OLA was then 

heated to 250°C. When OLA reached 250°C, 4.5 mL s-OLA solution was injected through a 

syringe quickly. After 10 s, 6 mL m-OLA was quickly injected into the system. The reaction was 

kept at 250°C with continuous stirring under argon atmosphere.  

 

Aliquots (2 mL) were taken at 10 min, 15 min and 60 min of reaction time and quenched into 10 

mL of IPA. These aliquots were centrifuged at 14000 rpm to extract the nanoparticles.  Three hours 

after injection, the reactant flask was removed from the heating mantle and cooled to 50°C with 

blowing N2 outside the reaction flask. When the reactant reached room temperature, it was then 

pipetted out into a Teflon coated centrifuge tube and mixed with equal volume of IPA. The mixture 

was centrifuged at 14000 rpm for 5min. After the first centrifuging, the precipitant pellet was 

recovered and dispersed in 3mL hexane. After the precipitant was fully dispersed in hexane, ~18 

mL mixture of 70% IPA and 30% methanol is added into the centrifuge tube and centrifuged at 

1000 rpm for 5 min. The precipitant was discarded and the supernatant is saved. The nanoparticle 

containing supernatant was then centrifuged at 16000 rpm for 5min to collect the nanoparticles as 
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a precipitate. These nanoparticles were re-dispersed in 3mL hexane with subsequent addition of 

18mL of IPA and methanol mixture (with 7:3 volume ratio). The nanoparticles were recollected 

as precipitant pellet by centrifuging at 16000rpm for 5min and discarding the upper layer liquid. 

This procedure of hexane-dispersion followed with alcohol washing was repeated 3 times in total, 

as is typically done for CZTS nanoparticle. The final precipitant was dried under Ar flow at ~2 

lpm for about 25 min and then sealed in a container under N2 atmosphere.  

3.2.3 Film deposition 

The synthesized nanoparticles (3-hour reaction time) were dispersed into hexanethiol at the 

concentration of 300 mg/mL to form a nanoparticle ink. This ink was doctor bladed onto 

molybdenum-coated (800nm) soda-lime glass or fluorine-doped tin oxide (FTO) coated glass 

(~13Ω/sq surface resistivity). The as-purchased FTO glass was rinsed by IPA, methanol, and then 

ultrasonically cleaned in Alconox detergent solution followed by ultrapure water wash prior to 

usage.  Each time, 15 µl ink was pipetted out for ~2.5x5 cm2 coating area. The coated film was 

dried for 4 minutes at room temperature and then annealed at 300°C for 1 min in air. Each substrate 

was coated and annealed twice.  

3.2.4 Characterization 

For characterization by X-ray diffraction (XRD, Rigaku SmartLab diffractometer), the 

nanoparticle films were prepared by drop casting nanoparticle ink on soda-lime glass. The 

morphologies and crystal structures of the sulfide nanoparticles were measured using transmission 

electron microscopy (TEM, FEI Talos) with a 200kV electron beam. For TEM sample preparation, 

the nanoparticle inks were diluted with toluene at about 1:1000 volume ratio and ultra-sonicated 

for 15min prior to deposition. The suspension was drop cast onto an ultrathin carbon-on-carbon 

lacey support film (gold grid, 400 mesh, Ted Pella) for (HR)TEM, or on a silicon nitride 5 nm 
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thick TEM window (9 small windows, SIMPore Inc.) for STEM/EDS. The absorbance of AZTS 

nanoparticles was measured by a PerkinElmer Lambda 950 spectrophotometer through an AZTS 

nanoparticle ink coated FTO glass sample. Surface-enhanced Raman Spectra (SERS) were 

acquired by HORIBA Jobin Yvon LabRam HR800 with an excitation laser wavelength of 633nm. 

The nanoparticle samples for SERS measurement were drop cast on Au substrates (50 nm thick, 

thermally evaporated on Mo glass) at the concentration of 4 mg/ml in hexane dispersion. 

 Result and Discussion 

X-ray powder diffraction (as shown in Figure 3.3) and TEM were used to characterize the phase 

purity of the as-fabricated AZTS nanoparticles as a function of reaction time. For reaction times 

shorter than 180 minutes, ZnS was detected by both XRD and as rod-shaped particles distinctly 

different from the AZTS nanoparticles. It was not possible to determine whether the AZTS 

nanoparticles were stannite AZTS phase (space group I4Y3𝑚,	ICSD #605734) or kesterite (space 

group I4Y, as simulated using CrystalMaker using the lattice parameters reported by Gong et al).  

The diffraction peak positions and intensities are similar for the two phases. Note than Gong et al. 

[65]  and Gautam et al. [51] have separately proposed that kesterite structure (space group I4Y) is 

more stable for AZTS than stannite. In previous studies, ZnS and Ag8SnS6 were commonly found 

as secondary phases in as-fabricated AZTS nanoparticles or thin films. [75], [77], [80] No 

significant peaks corresponding to these secondary phases were observed by XRD or TEM for 

reactions times greater than or equal to 180 minutes. This situation is in contrast with 

characterization of phase content in CZTS nanoparticle synthesis, where some of the major peaks 

of CZTS overlap with Cu2SnS3 or ZnS. The peaks from AZTS nanoparticles were clearly 

distinguishable from zincblende zinc sulfide (space group F4Y3m, ICSD #77090) and Ag8SnS6 

(space group F4Y3m, ICSD #605727). 
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Figure 3.3 X-ray diffraction pattern of nanoparticles collected from a 180-minute reaction time 
and compared with standard stannite Ag2ZnSnS4 (ICSD #605734), zincblend ZnS (ICSD 

#77090) and Ag8SnS6 (ICSD #605727) 

 

Hot-injection of S-OLA and M-OLA solutions at 250 °C was used to bypass temperatures that 

were favorable for the formation of binary and ternary phases. Compared to the precursor 

concentrations used in the reported synthesis of CZTS nanoparticles [21], [34], precursor 

concentrations for AZTS synthesis were reduced to about 1/3 for two reasons: 1) at 65°C, the 

solubility of Ag, Zn and Sn precursors in OLA is lower than that of Cu, Zn and Sn precursors, and 

2) at higher concentrations, Ag, Zn and Sn precursors provided a much more viscous solution, 

leading to poor mixing upon hot injection in the reaction medium and resulting in the formation 

of secondary phases. If secondary phases formed and grew, it became more difficult for the rest of 

free ions to form AZTS with the correct stoichiometric ratio. This is especially true for SnS2, which 

tends to grow to a few hundreds of nanometers, or even micron-sized disks, quickly [81]. The 

starting precursor concentration is one of the key variables to suppress the nucleation and grain 

growth of the secondary phases. 
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To study the phase and composition evolution of the nanoparticles, TEM images were taken for 

nanoparticles collected at reaction time periods of 10 min, 15 min, 60 min and 180 min and are 

shown in Figure 3.4 (a-d) with corresponding size distributions in Figure 3.4 (e-h). Most of the 10-

min nanoparticles were small, round nanoparticles with a diameter about 7 nm. After 15 min, two 

different shapes of nanostructures were observed: round particles and nanowires. STEM-EDS 

mapping (Figure 3.5) revealed that the round particles primarily contained Ag, Zn, Sn and S, 

whereas the nanowires were ZnS. After 60 min of reaction, nanowires were no longer observed, 

and the AZTS nanoparticles had grown to an average size of 19.2 nm and remained equiaxed. For 

the 180-min sample, the size of the AZTS nanoparticles had increased to about 23 nm and no ZnS 

particles were observed in STEM-EDS. 

 

Figure 3.4 TEM images showing typical particle shapes, sizes and the corresponding size 
distributions for the collected AZTS nanoparticles at various reaction time periods: (a)& (e) 10 

min, (b)& (f) 15 min, (c)& (g) 60 min and (d)& (h)180 min. 
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Figure 3.5 Energy dispersive x-ray spectroscopy elemental mapping from scanning transmission 
electron microscopy for 15min nanoparticles 

 

The microstructure and composition profiles of the individual 180-min AZTS nanoparticles were 

examined by HRTEM/STEM-EDS. The HRTEM image in Figure 3.6 (a) shows a single crystal 

AZTS nanoparticle with a d-spacing = 0.32nm, corresponding to the (112) plane. The distributions 

of Ag, Zn, Sn and S within an individual nanoparticle are presented in Figure 3.6 (c). The EDS 

line scan across the nanoparticle shows that Ag, Sn and S profiles were uniform inside the particle 

while Zn was more variable. This is likely because Zn is incorporated into the particle at a later 

stage as the ZnS nanowires disappeared.  

 

Figure 3.6 HRTEM image of an AZTS nanoparticle; (b) STEM high angle annular dark-filed 
image of AZTS nanoparticle; (c) STEM-EDS line-scans for nanoparticles showing the intensity 

profiles of Ag, Zn, Sn and S 
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When the nanoparticles are at an initial stage of formation, i.e., the diameters of the nanoparticles 

were less than 10 nm, it was very difficult to determine the phases and composition in STEM due 

to spatial resolution and signal intensity limitations.  To explore the AZTS nanoparticle growth 

stages, Surface-Enhanced Raman Spectroscopy (SERS) was applied for the early stage synthesis 

as SERS shows stronger intensity and more details compared with conventional Raman 

spectroscopy [82].  Aliquots were withdrawn at 2 min, 5 min, 10 min, 60 min and 180 min, and 

their Raman spectra are shown in Figure 3.7, respectively.  After 2 min of reaction, three major 

peaks were observed in SERS. The broad peak near 237cm-1 corresponds to silver tin sulfide (ATS) 

compounds, primarily Ag8SnS6 and Ag4Sn3S8 [83]. Another small peak at 295 cm-1 corresponds 

to the AZTS phase. The strongest peak for 2 min, located at 353 cm-1, corresponds to ZnS. After 

5min, another AZTS peak appears at 382cm-1. After 10 min of reaction, four peaks are observed 

corresponding to AZTS (270 cm-1, 292 cm-1, 348 cm-1 and 383 cm-1), while the ZnS peak (354 cm-

1) and the ATS peak (235 cm-1) remained significant. After 60 min reaction, the peak from AZTS 

phase (347 cm-1) is further enhanced denoting higher crystallinity of AZTS. At the same time, the 

ATS peak (~236 cm-1) disappears and the ZnS peak (354 cm-1) is reduced to a small shoulder. 

Finally, after reaction for 180 min, the Raman peak for ZnS has disappeared and only AZTS peaks 

are observed, which indicates the phase purity of AZTS, in agreement with the TEM results. 

 

SERS showed that the formation mechanism for the AZTS nanoparticles was quite different from 

that of CZTS reported in the prior studies [82]. In the CZTS case, Cu2-xS nucleates first, then Sn4+ 

and Zn2+ diffuse into Cu2-xS nanoparticles successively to form CZTS [82], [84]-[86]. There was 

a three-step-growth from Cu2-xS to Cu3SnS4 (CTS) then CZTS. However, in our case, no Ag2S 

was observed from the SERS study of the early stage reaction. It was because the formation energy 
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for Ag2S is much higher than Cu2-xS [87], so ZnS formation is the preferred precipitation reaction 

when cations are firstly injected and the temperature drops to a lower level (~205°C). According 

to the SERS analysis, when s-OLA and m-OLA are first injected, ZnS, ATS and AZTS all started 

to nucleate. As the temperature resumed back to 250 °C, AZTS nanoparticles were more 

thermodynamically preferred and grow larger with good crystallinity, while ZnS and ATS 

nanoparticles begin to decrease in size as reaction proceeds beyond 10 minutes and eventually 

disappeared completely. 

 

Compared with previous research on AZTS nanoparticle synthesis [80], we eliminated the 

secondary phases: ZnS or Ag8SnS6. There are two major differences between previous work and 

our reaction. First, the sulfur sources were different. Sasamura et al. used ammonium N, N-

diethyldithiocarbamate as the sulfur source, producing AZTS along with impurity phases [80]. 

Dodecanethiol (DDT) was previously used in some Ag-based semiconductor nanoparticles 

syntheses as both a solvent and a sulfur source, but elemental Ag formed instead of AZTS because 

of the strong reducibility by DDT [83]. This is very different from the CZTS case, in which only 

wurtzite  CZTS nanoparticles are produced in the presence of DDT, the difference being probably 

due to the stronger oxidizability of Ag+ compared with Cu+ at elevated temperatures. [23], [57] In 

our work, elemental S dissolved in OLA was used, releasing high reactive H2S during injection 

[88] and resulting in AZTS nanoparticles instead of elemental Ag [89], [90].   Second, the metal 

salts used previously are acetates which have weaker bonds between cations and anions compared 

with acetylacetonate salts used in our study. With zinc acetate, Zn2+ will be released more easily 

leading to the formation of ZnS [82], [90]. 
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Figure 3.7 SERS spectra of nanoparticles extracted at (a)2 min, (b)5 min. (c)10 min, (d) 60 min 
and (e) 180 min 

 

Optical properties of these AZTS nanoparticles were examined using UV-vis measurements. The 

optical band gap value is extracted from Tauc plot, assuming: 

𝛼 ∝ (𝐸 − 𝐸q)( 

in which 𝛼 is the absorbance, E is the incident photo energy and 𝐸q is the band gap. For a direct 

band gap material, n=1/2. As shown in Figure 3.8,  the observed band gap was 2.16 eV, higher 

than the band gap (2.0 eV) of AZTS bulk material [75]. 
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Figure 3.8 UV-vis spectroscopy of as annealed AZTS thin film. The picture on the upper left 
corner is the coated film on Purdue logo. 

 

Considering the wide band gap of AZTS, researchers are working to realize the potential of AZTS 

as a photocatalyst for H2 production. [76], [77] Photoelectrochemical (PEC) measurements were 

conducted to investigate the potential of AZTS nanoparticle films for photocurrent generation in 

0.1M K2SO4 aqueous solution. A three-electrode system was used to measure the photon response 

of nanoparticle films over a range of -0.2 V~ 1.0 V versus the Ag/AgCl reference electrode (Fig. 

3.9) with manual chopping every 0.05V. The photocurrent density increases with applied voltage 

up to ~100µA/cm2, demonstrating that the AZTS nanoparticles were n-type semiconductors [80], 

[91]. Compared with the previous AZTS thin films made by PVD [77], the limited current density 

may have resulted from the surface states of the nano-sized particles and the grain boundaries. 

Some kinetic instability of the photocurrent was observed in the first second when the light was 

switched on. Better performance of AZTS film is expected due to its desirable band gap and high 

crystallinity, that can be achieved by optimization of back-contact material and the grain size in 

the film. 
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Figure 3.9 Photocurrent vs. Applied bias (relative to Ag/ AgCl electrode) curve of AZTS 
nanoparticles coated on FTO glass 

 

 Conclusion 

In summary, semiconductor nanoparticles of AZTS have been successfully synthesized through a 

solvo-thermal process. The hot-injection reaction allowed scalable production of AZTS 

nanoparticles with uniform composition. Based on the analysis of the intermediate products 

formed at different reaction stages, a formation mechanism for the AZTS nanoparticle formation 

is proposed and the similarities, as well as differences between CZTS and AZTS nanoparticle 

synthesis are compared in this work. It is expected that the solution-phase formation pathways of 

the AZTS revealed in this work will help with the future silver-based nanoparticle synthesis and 

device fabrication research. In terms of electronic properties, the AZTS nanoparticle film was 

found to have a band gap of 2.15 eV and the capability of generating a 100µA/cm2 photocurrent 

at a bias of 0.8 V vs. Ag/AgCl in K2SO4 solution, showing its potential as a light absorber material 
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for photocurrent generation. Its application as a precursor for AZTSe absorber films is also under 

investigation and solution-processed AZTSe thin film solar cells are expected in the near future. 

 Supplemental Information 

Figure 3.11 shows the STEM-EDS mapping of nanoparticles formed after 10 min reaction. The 

particles were small with non-uniform elemental distribution. Especially for Ag and Zn. Both 

inner- and intra-particle inhomogeneity were found among the particles in the view. After 60 min 

reaction, as shown in figure 3.12, most of the particles contained all of the four elements and no 

significant inhomogeneity inside the particles were found, except for the tiny particles at the 

bottom. The small particle still showed slightly Zn rich phase compared with others. After 180 

min, particles with different sizes were examined and all four elements were found to be uniformly 

distributed among all the particles.  

 

 

Figure 3.10 (a) HAADF image of 10 min nanoparticles and corresponding EDS mapping of (b) 
Sn, (c) Ag, (d) Zn and (e) S 
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Figure 3.11 HAADF image of 60 min nanoparticles and corresponding EDS mapping of (b) Ag, 
(c) Zn, (d) Sn and (e) S; ZnS or Zn rich particles still exist as small particles 

 

 

Figure 3.12 HAADF image of 180 min nanoparticles and corresponding EDS mapping of (b) Ag, 
(c) Zn, (d) Sn and (e) S. Uniform elemental distribution in all particles 
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From the STEM image area, the cation atomic ratio in nanoparticles are listed in the Table below: 

 

Table 3-1 Atomic cation ratio of nanoparticles at different reaction stages 

 10 min 60 min 180 min 
Ag/Sn 0.34 2.04 1.99 
Zn/Sn 0.90 1.07 1.20 

Ag/(Zn+Sn) 0.18 0.98 0.90 
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4. INVESTIGATION INTO THE SELENIZATION CONDITIONS FOR 
SILVER ZINC TIN SELENIDE THIN FILMS FROM 

NANOPARTICLE-INK 

 Introduction and background 

After CZTS solar cells achieved a maximum power conversion efficiency (PCE) of 12.6%, no 

further improvement has been demonstrated due to its intrinsic defects [19]. It has been established 

that the high densities of CuZn or ZnCu anti-site defects limit the PCE of CZTS solar cells. These 

defects create trap states and dramatically decrease the open circuit voltage (Voc) of devices [42], 

[92]-[94]. To eliminate these intrinsic defects, Ag turn out to be a promising candidate to replace 

Cu, having no overlap valence state with Zn2+ and more than 30% larger than Zn2+ [58], [95]. As 

one of the successful example, Gershon et al. developed photovoltaic devices based on an n-type 

Ag2ZnSnSe4 (AZTSe) absorber layer by co-evaporation  and achieved higher than 5% PCE [96], 

suggesting the potential of this material as photovoltaic absorber.   

 

AZTSe thin films have been typically obtained by vacuum deposition[65], [95], [97]; hence, a 

more cost-effective method is needed to enable large-scale fabrication of solar cells. In this chapter, 

how to convert colloidal nanocrystals into thin films with densely-packed large grains in selenium 

(Se) vapor (so-called selenization) at elevated temperature will be discussed. The phase purity and 

composition uniformity of this large grain layer, which is related to the selenization process,  is 

essential for the optoelectronic properties of the final device [60], [98]. Therefore, the phase 

transformation, microstructure evolution, and composition change of large/fine grains have been 

widely explored in CZTS selenization process [59]-[62], [64], [99], [100]. By in-situ x-ray 

diffraction experiments, it was demonstrated that, during selenization of CZTS nanoparticles, Cu2-
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xSe formed first, followed by Cu2SnSe3 and Zn incorporated last [61]. However, after adding Ag 

into the system, the selenization becomes different, which a fast grain growth rate and large grain 

size [35], [54]. Although solution-processed AZTSe or high-proportion silver alloyed ACZTSe 

thin films have been studied in some pieces of work[101], no work has been reported regarding 

how to fabricate AZTSe thin films with minimized pin-holes, which is essential for AZTSe as light 

absorb layers in highly performance photovoltaic devices [35], [102], [103]. 

 

In this chapter, the presented work is aiming to understand the selenization of AZTSe system as a 

comparison to CZTS. Key parameters in CZTS selenization, such as annealing temperature, KCN 

etching effect and Se vapor pressure, will be discussed with the utilization of rapid thermal 

processer (RTP). RTP gives precise and separate control of the temperature in the sample zone 

and selenium zone, which enables the control of Se condensation on top of the sample. A 

selenization mechanism is proposed based on the phenomenon we observed and the facts that have 

been summarized from CZTS case. Additionally, the interface engineering for AZTS with Cu 

deposition is studied to achieve better morphology, as well as adhesion between AZTS film and 

substrates. Ultimately, a strategy to obtain AZTS film consisting of continuous grains with uniform 

composition and fewer pin-holes is established, which can be beneficial for the future production 

of AZTS thin films. 

 Experiment 

4.2.1 Materials 

Silver acetylacetonate (98%, Sigma-Aldrich), zinc acetylacetonate hydrate (99.995% trace metal 

basis, Sigma-Aldrich) and tin (IV) bis-(acetylacetonate) dichloride (98%, Sigma-Aldrich) were 
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used as cation precursors. Sulfur (flakes, ≥99.99% trace metals basis) was used as an anion source. 

Oleylamine (OLA, >98% Sigma-Aldrich) was degassed by three freeze-pump-thaw cycles and 

stored under N2 atmosphere before usage. Methanol (99.9%, Fisher), 2-isopropanol (>99.9%, 

Fisher) and hexane (99% pure, mixture of isomers, Fisher) were used as-received for nanoparticle 

washing. Copper (Cu) pellets (99.99%, ¼’’ Dia. x ¼’’ Length, Kurt Lesker) were placed in a 

tungsten boat for thermal evaporation. 

4.2.2 Nanoparticle synthesis  

1.9 mmol silver acetylacetonate was dissolved in 4 mL OLA (Ag-OLA) in a round bottom flask. 

1.05 mmol zinc acetylacetonate hydrate and 1mmol tin (IV) bis-(acetylacetonate) dichloride were 

dissolved together in 4 mL OLA (ZT-OLA) in another round bottom flask. 6 mmol of sulfur flakes 

were dissolved in 6 mL OLA (s-OLA) in a round bottom flask. All the dissolution was done under 

inert atmosphere and stirred at 65 ℃ on a heating mantle. The cation solutions were dissolved/ 

dispersed within 5 min and the sulfur dissolution took about 1 hr. 12 mL OLA was added into a 3-

neck flask and connected to a Schlenk line. The OLA was purged with Ar at 35 ℃ and 135 ℃ 3 

times for both temperatures. The OLA was heated to 250 ℃.	Once the temperature reached this set 

point, 4.5 ml of s-OLA was injected into the 3-neck flask. After 20 s, 3 mL of Ag-OLA and 3 mL 

of ZT-OLA were injected into the 3-neck flask simultaneously. The reactant was kept at 250 ℃ 

with 300 rpm stirring. After 15 min, the reactant was removed from the heating mantle and cooled 

with blowing nitrogen outside the flask until 50 ℃. The nanoparticles were poured out and washed 

with alcohols using the procedure reported in previous work [21]. 
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4.2.3 Film fabrication 

The obtained nanoparticles were dispersed in hexanethiol at a mass concentration of 300 mg/ mL. 

The nanoparticle film coating and selenization in tube furnace was conducted based on the methods 

reported by Miskin and Hages et. al. [21], [60]. The graphite chamber, it was purged with Ar for 

15 min before heating up. Heating rate in the RTP was set to 10 ℃ for all the selenization. A 

constant Ar flow was allowed (0.3 lpm) from the selenium side to the nanoparticle film side during 

selenization. When the selenization is finished, all the heating lamps are turned off immediately 

and 5 lpm Ar flow is used to get rid of the residual Se in the graphite box until the temperature 

dropped below 50 ℃. For the film with Cu coating, 10 nm Cu was thermally evaporated on the 

surface of the nanoparticle film with a deposition rate of ~ 0.5 Å/s (chamber pressure was kept less 

than 10-6 Torr during the deposition).  

4.2.4 Characterization 

The grazing incidence x-ray diffraction (GIXRD) patterns were collected in a Rigaku SmartLab 

Diffractometer using Cu K𝛼  (1.54 Å ) with an incident angle of 0.5°. The scanning electron 

microscope (SEM) images were obtained from FEI Quanta 3D. Raman spectrum were acquired 

by HORIBA Jobin Yvon LabRam HR800 with an excitation laser wavelength of 633 nm.  

 Result and discussion 

4.3.1 Temperature for selenization 

To explore how temperature affects the selenization process, sulfide nanoparticle films were 

selenized at 425℃, 450℃ and 500℃ in a tube furnace for 20 min. The phases present from GIXRD 

analysis are shown in Figure 4.1a) in comparison with a simulated AZTSe diffraction pattern using 

crystal structure data from Gong et al. [56]. From the XRD of 425℃ selenized sample, the most 
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significant peak is at 14.8º, corresponding to the (001) plane of SnSe2 (ICSD #43857). The (112) 

peak from AZTSe is present but weak, due to the low crystallinity of AZTSe. When the 

nanoparticle film was annealed in Se at 450℃, AZTSe is the primary phase in the film and most 

of the peaks from AZTSe were present along with (001) and (102) peaks from SnSe2. When the 

selenization temperature was increased to 500 ℃ , the AZTSe film was textured with (112) 

orientation comparing with the simulated standard and with a small residual peak at ~15º, 

representing a small amount of SnSe2 left in the film. The microstructures and phases observed by 

SEM/ EDS are the same as in XRD patterns. There are two different particle morphologies in the 

film selenized at 425 ℃ (Figure 4.1b): rod-like particles of SnSe2, and large, flat particles of 

AZTSe. In the case of selenization at 450 ℃, the film was composed of more uniform AZTSe 

grains compared with the case of 425 ℃. However, SnSe2 plates were observed embedded edge-

on in the AZTSe film. When the temperature was increased to 500℃, the AZTSe grains within the 

film are even more uniform and flat in contrast to the low temperature selenizations, and SnSe2 

plates were no longer present. In addition, comparing with the standard AZTSe and AZTS patterns, 

the positions of the major peaks do not show a shift towards AZTS (high angle direction) in XRD, 

suggesting a full depletion of sulfur during selenization. This is in contrast to selenization of 

solution-processed CZTSe: it is common that selenization in tube furnaces produces alloys of 

sulfide and selenide [21], [27], [104], [105]. 
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Figure 4.1 (a) XRD comparison of sulfide nanoparticle films selenized at 425°C, 450°C and 
500°C as a comparison to standard AZTS; top view SEM images of nanoparticle film selenized 

at (b) 425°C (c) 450°C (d) and 500°C 

 

From the temperature study above, it can be concluded that high temperature selenization 

suppresses the formation of SnSe2 secondary phase. However, when using 500℃ selenization, 

AZTSe films are less dense compared with low temperature selenization, likely due to a 

combination of vapor phase loss and dewetting. 

 

In an attempt to create AZTSe films without SnSe2, rapid thermal processing was utilized to 

achieve 475 ℃ within 2min. Figure 4.2 shows the XRD pattern of sulfide nanoparticles grown at 

a heating rate of 10	℃/s. When the selenization temperature was set to 475 ℃, no SnSe2 or any 

secondary phase(s) were detected by XRD, and no significant texture was found in the as formed 
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AZTSe grains. All the details in XRD pattern matched exactly with the simulated standard of 

AZTSe.  

 

Figure 4.2  XRD of AZTSe film selenized in tube furnace at 475°C as a comparison to simulated 
AZTSe standard  

 

4.3.2 Microstructure evolution during selenization 

To explore the microstructure evolution during selenization, the RTP annealing was interrupted at 

1 min, 3 min, 5 min and 10 min to determine the film morphology at different selenization stages, 

as shown in Figure 4.3. Instead of forming continuous small grains covering the whole surface, as 

in the CZTSSe case, AZTSe grains formed isolated on the surface after 1 min selenization. After 

3min, the grains grew larger compared with 1 min and better film coverage was achieved. The best 

film coverage was obtained when the selenization time is 5 min, although no significant grain 

growth was observed. With further selenization, the film started to dewet the FTO surface and 
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more substrate was exposed. As a result, 5 min was used as the selenization time for the best film 

coverage in the following sections (if not described separately).  

 

Figure 4.3 SEM plan-view of AZTSSe films selenized for (a) 1 min, (b) 3 min, (c) 5 min and (d) 
10 min. 

 

EDS mapping was done for 1 min selenization film as shown in Figure 4.4. The particles formed 

were Ag and Se rich, the distribution of these two elements overlapped perfectly. While Zn did 

not really incorporate into the grains, it was found in the film uniformly everywhere. Sulfur was 

presented in both large grains and nanoparticles, but it had a higher concentration in the 

nanoparticles than in the large grains, suggesting an S-depleting process during selenization. The 

distribution of Sn was difficult to determine due to the high concentration of Sn in the FTO 

substrate. 
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Figure 4.4  EDS mapping of AZTSe film after 1 min selenization from plan-view 

 

 

 

Figure 4.5  EDS mapping of AZTSe film after 3 min selenization from plan-view 
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After 3min selenization (as shown in Figure 4.5), no S signal was picked up by EDS detector. 

Differently from the 1 min selenization, the Zn signal highly overlapped with Ag and Se after 3 

min, suggesting Zn started to incorporate into the large grains after Ag did. This was very similar 

to the CZTSSe case, while the sequence of Sn incorporation still needs to be determined with a 

more detailed study that can separate the fluorescence signals from substrate and the film.  

 

4.3.3 KCN etching 

Although the film obtained was phase pure based on XRD, it was still Ag rich from the 

nanoparticles. Gershon et al. have pointed it out that, when Ag/Sn ratio was about 2, the AZTSe 

films had the best photovoltaic performance. Herein, KCN soaking was utilized to remove extra 

silver in the nanoparticle film.  

 

KCN has been widely used to remove the secondary phase(s) in metal chalcogenide thin films, 

especially for Cu related species [70], [106], [107]. However, what are the effects of KCN soaking 

on Ag-based kesterite thin films are unknown. In this case, a piece of nanoparticle film was cut 

into five pieces; four of them were soaked in KCN (1M) for 15 s, 60 s, 180 s and 300 s, separately. 

SEM images and EDS measurement were done on these films to see the morphology and 

composition change with KCN etching as shown in Figure 4.6 and 4.7.  
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Figure 4.6  Photos of nanoparticle films after soaking in KCN solution for different time period 
 

 

 

Figure 4.7  SEM images of nanoparticle films after soaking in KCN solution for different time 
period 

 

From the photos of soaked films, it could clearly be seen that the color of the film became lighter 

with longer KCN etching. Although the SEM images showed similar morphologies, the 

compositions of the films did change significantly, especially for silver, as shown in Table 4-1.  

Table 4-1 KCN etching effect on film composition 

 Ag/Sn Zn/Sn S/Sn K/Sn 
No etching 2.5 1.0 4.1 Not detected 

Etching for 15 s 2.4 1.1 4.0 0.06 
Etching for 60 s 1.9 1.2 4.0 0.08 
Etching for 180 s 1.6 1.3 4.0 0.12 
Etching for 300 s 1.6 1.3 4.0 0.13 
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The starting Ag/Sn ratio in the nanoparticle film was 2.5. After etching for 1 min, the ratio went 

to 1.9. Further etching removed more silver, and Ag/Sn was decreased to as low as 1.6, Although 

from 3 min to 6 min, no more Ag was removed by KCN etching. With the decrease of the Ag/Sn 

ratio, the Zn/Sn ratio increased, demonstrating a small portion of Sn was removed along with Ag 

during soaking. Since etching for 60 s gave the best stoichiometric ratio of all these cations, the 60 

s KCN-etched film was selenized as a comparison to the non-soaking film as shown in figure 4.8.  

 

Figure 4.8  AZTSe films (a) without and (b) with KCN etching after selenization at 475°C for 5 
min 

 

Despite the compositional change, the phase of the final film remained as pure AZTSe after 1 min 

of KCN etching as shown in Figure 4.9. The morphology of the film changed after KCN etching. 

The grains in the film without etching showed more irregular shapes and some Ag accumulation 

was confirmed by EDS. After KCN etching, the grain shape became more regular with fewer pin-

holes in the film. Also, the TRPL (Figure 4.10) were measured to determine the minority charge 

carrier life time in both cases. With KCN etching and removal of Ag rich phase, the life time 

carriers was improved significantly.  
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Figure 4.9  XRD of AZTSe with and without KCN etching 
 

 

Figure 4.10  TRPL of AZTSe films with/ without KCN etching 
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4.3.4 Surface engineering by Cu coating 

Although a pure phase AZTSe film can be achieved in RTP, the films consisted of grains that were 

not densely packed, which always result in shunting within the light absorber layer in photovoltaic 

devices. In contrast, in this type of selenization process for CZTSe, the resulting films are finer 

and denser. This implies that the nucleation rate of CZTSe is significantly higher than for AZTSe 

nanoparticles at the beginning of selenization. In an effort to increase the nucleation rate, while 

maintaining the overall composition close to AZTSe, we developed a transient CZTS step in the 

beginning of selenization using an evaporated Cu film (10nm) on the AZTS nanoparticle surface. 

The microstructures of AZTSe with/ without Cu coating after selenization are compared in figure 

4.11.  

 

Figure 4.11 SEM plan-view of AZTSe films (a) without and (b) with Cu coating 
 

To explore how Cu affects nucleation, selenization was interrupted after the temperature reaches 

desired temperature to characterize the extent of coverage and reaction microstructure with and 

without Cu coating.  It can be seen from the XRD (Fig. 4.12) that, after 1 min seleniztion, the bare 
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film without Cu coating contained AZTSe large grains, while for the nanoparticle films covered 

with Cu, the grains were an alloy of CZTSe and AZTSe. In addition, there were only a few isolated 

nucleation sites formed for the film without Cu coating; while for the film with 10 nm Cu coating, 

the number of nucleation sites forming after 1 min increased by a factor of 10. Since in previous 

studies, Cu2-xSe  precipitation preceded the formation of CZTSe, it is expected that the Cu will be 

dissolved in Se above 221 ℃, reaching	the	maximum	solubility	at	380℃ ,  and Cu2-xSe will 

precipitate on the surface as nucleation sites as the solubility of Cu in selenium decreases after 380 

℃ [61]. The Ag, Zn and Sn dissolved in the Se liquid precipitated as AZTSe into Cu2-xSe and the 

final film consisted of AZTSe large grains with small amount of Cu in it (< 5% of Cu/(Cu+Ag) 

from bulk EDS, which agreed well with estimated Ag/Cu ratio based on relative thickness. 

However, without the assistance of Cu, no such nucleation sites were formed. The microstructures 

of AZTSe with/ without Cu coating after selenization (475 ℃	selenization for 5 min in RTP) are 

compared in Figure 4.12. Without Cu, large grains formed and continued to grow isolated even 

after long time selenization, creating porous films. With Cu, the grain density was higher at the 

beginning. With further selenization, the initial grains could easily touch each other and form a 

continuous film.   

 

Figure 4.12 (a) XRD of nanoparticle films with and without Cu coating after 1 min selenization; 
SEM plan-view of the same films (b) without Cu coating (c) with 10 nm Cu coating 
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The photoluminescence of the Cu coated film was measured, as shown in Figure 4.13. The main 

peak is located at 1.22 eV, corresponding to the band gap of the material. This value is slightly 

smaller than the reported AZTSe film because of the Cu incorporation, especially on the surface. 

Regarding the defect states, all the emissions measured in the PL were from shallow defects. The 

FWHM of the PL peak is about 65 nm, which is much narrower than the peak from CZTSSe (~110 

nm), suggesting fewer defect states in this material. 

 

 

Figure 4.13  PL fitting of AZTSe film with surface engineering 
 

The film was further characterized by XPS to analyze the oxidation states of different elements, as 

shown in Figure 4.14. For Ag, although no reference is available for AZTSe, no plasma-induced 

loss feature peak was observed, suggesting the Ag is on a +1 state.  Cu 2p3/2 and 2p1/2 are relatively 

weak, due to the small amount, and located at 932.3 eV and 952.2 eV, separated by about 19.9 eV, 

which is characteristic for Cu+ [108], [109]. Although Cu was deposited as elemental Cu, all Cu 

was converted into a Cu+ state after selenization. The Zn 2p3/2 peak is located at 2021.9 eV, 
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suggesting that Zn was in a +2 state. Sn 3d5/2 and 3d3/2 peaks are located at 486.3 eV and 494.8 eV, 

respectively, corresponding to a +4 oxidation state. However, a small shoulder peak is observed 

about 496.5 eV, which may come from the +2 oxidation state [110]. This suggests the possibility 

of SnZn anti-site defects, which generate deep trap states (0.6 eV below conduction band) in light 

absorber material and significantly reduce the open circuit voltage of the photovoltaic device. The 

XPS peaks demonstrate a +2 state for both S and Se. The S signal is noisy and weak compared 

with Se, showing relatively complete S depletion during selenization compared with CZTSSe case 

[109].  



 

Figure 4.14 High resolution XPS spectra of (a) Ag, (b) Zn, (c) Sn, (d) Cu, (e) S and (f) Se for 
surface engineered AZTSe film



 Conclusion 

In this chapter, sulfide nanoparticles were converted into selenide thin films by annealing in 

selenium vapor at elevated temperature. Pure phase AZTSe films have been achieved. It was 

confirmed that the selenization temperature is crucial for getting rid of SnSe2 secondary phase, 

which rules out the traditional tube furnace selenization due to the long heating ramp. The 

selenization time was only 5 min, much shorter than that for CZTSSe. This will make the roll-to-

toll process more accessible since the length of the selenization furnace can be much shorter with 

short selenization time. KCN etching was used to remove extra Ag to avoid Ag rich phase in final 

film, which significantly enhances the carrier lifetime in the final film.  

 

Also, a strategy to improve the film morphology is proposed here to reduce the pinhole density of 

AZTSe films. A 10 nm-thick Cu layer was utilized to serve as nucleation sites at the surface of the 

nanoparticle film at the early stage selenization. Due to higher solubility of Cu in liquid selenium, 

more small grains were observed for the nanoparticle film with Cu coating compared with non-

coated one when selenization was interrupted after 1min. The elemental Cu coat was converted 

into Cu+ after selenization, although a small portion of Sn may have been at +2 states instead of 

+4. The resulting film had strong photoluminescence yield, with narrow FWHM compared with 

CZTSSe, demonstrating a less defective structure, which is very promising as a light absorber 

material for future photovoltaic application.  



 
 

102 

 Additional information 

4.5.1 KCN etching of Ag 

A KCN solution was used to remove Ag in the nanoparticle film; however, it remains unknown 

what kind of Ag was removed by KCN soaking. Also, after the same KCN soaking time, the 

composition of the films may vary for films that underwent different heat treatment after coating. 

Here, the sulfide nanoparticle films were coated and annealed at different temperatures. After 1 

min KCN solution soaking, the composition of them were as listed in the Table 4-2. It shows that 

when the film was coated and annealed in the air, the etching effect on Ag/Sn was much more 

significant than in the glovebox, which had oxygen level controlled below 0.1 ppm. Also, higher 

temperature annealed samples had more Ag loss after KCN etching. It is possible that during 

annealing, Ag was oxidized in air and these oxides were subsequently removed by KCN etching. 

Higher temperatures resulted in more oxidation and led to more Ag removal. For the glovebox 

annealed sample, Ag was still removed until Ag/Sn=2.1, perhaps due to the residual oxygen in the 

nanoparticle film induced in early nanoparticle synthesis procedure. More detailed study is needed 

for the mechanism of the Ag etching in KCN solution.  

Table 4-2 Atomic composition of films coated and annealed in different environment 

 Coat and anneal in air Coat and anneal in glovebox 

annealing 
temperature 

300°C 400°C 500°C 300°C 400°C 500°C 

Ag/Sn 2.1 1.9 1.2 2.6 2.4 2.1 

Zn/Sn 1.1 1.1 0.8 1.0 0.9 1.0 

 

It has been noticed that the oxidation happens even at room temperature. If the sulfide nanoparticle 

films were stored in air for a long time (a few weeks), the KCN soaking could remove the whole 
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film. As a result, the nanoparticle film had to be stored in an oxygen-free environment and 

selenized in a timely manner once it was coated.  

4.5.2 Ultraviolet photoelectron spectrum (UPS) of AZTSe after surface engineering 

The UPS of the as selenized AZTSe with Cu coating was conducted to determine the absolute 

band position as well as the Fermi level of this material as shown in Figure 4.15. 

 

Figure 4.15  UPS of AZTSe film with surface engineering 

 

The band position and fermi level can be calculated from: 

 Φ = hυ − (𝐸+n*UU − 𝐸UT�$') 4.1  

   

 HOMO	(VB) = −[Φ + (𝐸tb − 𝐸UT�$')] 4.2  
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in which Φ is the work function or Fermi level of the material, hυ is the incident x-ray energy, 

which is 21.22 eV in this case; 𝐸+n*UU − 𝐸UT�$' is the intercept we extracted from the Figure 4.15(a) 

and 𝐸tb − 𝐸UT�$' is the interception obtained from the inserted figure in 4.15(b).   

The work function or the distance between Fermi level and vacuum level is: 

 Φ = 21.22eV − 17.13eV = 4.09	eV 4.3  

   

The absolute distance between valence band to vacuum level in this material is  

 HOMO	(VB) = −[4.09eV + 0.99eV] = −5.08	eV 4.4  

   

Since the band gap of the film was 1.22 eV as measureed by PL as demonstrate previously, the 

Fermi level is about 0.2 eV away from the conduction band, suggesting donor-based defect states, 

or this material is an n-type semiconductor. 

4.5.3 Compositional characterization for AZTSe thin film 

A photovoltaic device was fabricated based on an architecture from bottom to top as: FTO/ AZTSe/ 

MoO3 (50 nm)/ ITO (220 nm)/ Ni/Al. The cross-section of the film was using a cut in focused ion 

beam and observed under STEM. EDS mapping was conducted in the area, as shown in Figure 

4.16.  
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Figure 4.16  EDS-mapping of the cross-section of AZTSe device (a) HAADF image and 
elemental distribution in the labelled area (b) Ag, (c) Zn; (d) Sn and (e) Se. 

 

From the cross-section image, the AZTSe film is very different from CZTSSe for the morphology  

of the “fine grain layer”. After selenization of CZTSSe, the fine grain layer normally consisted of 

closely-packed fine particles, while the layer underneath AZTSe grains was very porous. This was 

perhaps due to the fast selenization of this material. When the materials were dissolved in liquid 

selenium and formed large grains on the top very rapidly, voids remained in the layers below. This 

layer had very limited contact points with both the absorber layer and the back contact, which 

affected the transport of electrons and holes significantly. The composition of the large grain and 

the porous layers are listed in Table 5-3. The large grains were slightly Ag poor (Ag/Sn=1.9) and 

Zn rich (Zn/Sn=1.1), which agreed with the composition measured after KCN soaking mentioned 

previously and is the preferred stoichiometric ratio for high performance AZTSe absorber [97]. 

The porous layer had high sulfur concentration. Since the selenization was so fast for AZTSe, 

residual sulfur from the nanoparticles remained. A small amount of oxygen was left in this layer 

as well, which probably came from the nanoparticle synthesis and film annealing. No carbon from 

nanoparticle ligands was detected in either layer of this part. 
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Table 4-3 Composition of the large grains and porous layer based on cross-section EDS 

at. % Ag Zn Sn Se S C O 

Large 

grain 

23.8 14.0 12.7 43.6 5.9 0 0 

Porous 

layer 

12.9 0.4 1.3 36.3 40.1 0 0.6 

 

4.5.4 Device performance 

The photovoltaic performance of AZTSe solar cells is shown in Figure 4.17. The whole film had 

photovoltaic response. However, the efficiencies are different across the same film. The highest 

performance was 0.35% PCE with 0.1cm2 total area under AM 1.5 illumination. From the J-V 

curve, serious shunting behavior was observed. Further optimization, including the choice of back 

contact, p-type buffer layer (choice of material selection, deposition methods and thickness of this 

layer), as well as the film roughness, is needed for higher efficiency photovoltaic devices.   

 

 

Figure 4.17  Photovoltaic performance of the solar cells using AZTSe as light absorber layer (a) 
Efficiency distribution across the whole film; The films was separated into 24 small cells with 

0.1 cm2 total area for each cell (b) I-V curve of the cell with highest efficiency. 
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5. SOLUTION PROCESSING OF CADMIUM ZINC SULFIDE THIN 
FILM AS THE N-TYPE LAYER IN CIGSE/CZTSSE SOLAR CELLS 

 Introduction and Background 

Cadmium sulfide (CdS), the II-VI binary semiconductor, is one of the most commonly used n-type 

materials in photovoltaic devices. In 1954, CdS had already been used along with CuxS to form 

the heterojunction as the very first thin film solar cell. Since 1990s, CdS is widely used as the 

buffer layer in high performance metal chalcogenide thin film solar cells, e.g. copper indium 

gallium selenide (Cu(In,Ga)Se2 or CIGSe), copper zinc tin sulfo-selenide (Cu2ZnSn(S,Se)4 or 

CZTSSe) and cadmium telluride (CdTe) thin film solar cells [111].  

 

Compared with other n-type materials, CdS stands out because of its stability, low cost, good band 

alignment, as well as compatibility with the light absorbers in solar cells. Naturally insufficient in 

sulfur, CdS crystals have free electrons as the charge carriers with a direct band gap. The band gap 

width fluctuates between 2.40-2.46 eV depending on different thickness and deposition methods 

[112]. Generally, there are two different crystal structures of CdS, i.e. a face-centered cubic or zinc 

blende structure (F4Y3𝑚, ICSD #81925), and a hexagonal or wurtzite structure (P63mc, ICSD 

#154186). Although the wurtzite phase is supposed to have a slightly lower formation energy 

compared with the zinc blende phase by first principle calculation [113], both structures of CdS 

have similar energy band positions and can be used as the n-type material in thin film photovoltaics.  

 

Among various deposition methods for CdS, including sputtering[114], thermal evaporation[115], 

close space sublimation (CSS)[116] and solution-phase based deposition, chemical bath deposited 

(CBD) CdS generally has higher efficiency compared with other deposition methods, especially 



 
 

108 

in CIGSe or CZTSSe solar cells. For CBD CdS, the p-type absorber layer is soaked in ammonia 

water solution at elevated temperature (~65°C). A cadmium salt solution (CdSO4, CdCl2 or 

Cd(OAc)2 et al. ) along with thiourea solution was added to start the deposition. The ammonium 

acts as the buffer solution since Cd2+ can combine with them to form complexes, which will reduce 

the concentration of Cd2+ in the solution. Consequently, it will hinder the precipitation of Cd(OH)2. 

At the same time, thiourea reacts with hydroxyl to release S2-, which reacts with Cd2+ to form CdS 

on the surface of the metal chalcogenide film. The reaction is described as below [117]: 

 𝐶𝑑No + 4𝑁𝐻� ↔ 𝐶𝑑(𝑁𝐻�)�
No 5.1  

 

 (𝑁𝐻)N𝐶𝑆 + 𝑂𝐻� ↔ 𝑆𝐻� + 𝐻N𝑂 + 𝐻N𝐶𝑁N 5.2  

 

 𝑆𝐻� + 𝑂𝐻� ↔ 𝑆N� + 𝐻N𝑂 5.3 

 

 𝐶𝑑No + 𝑆N� → 𝐶𝑑𝑆 ↓ 5.4 

 

Other than serving as an n-type semiconductor to form p-n junction with the p-type absorber, it is 

also believed that the deposition process itself is beneficial to the solar cell performance for further 

aspects:  

a. The solution deposition process prevents the surface damage from sputtering.  

b. For metal chalcogenide thin films, soaking in the ammonium hydroxide water solution helps to 

remove the insulating oxide layer top of CIGSe or CZTSSe. 

c. In CIGSe or CZTSSe, this reaction solution can slightly dissolve Cu+ and thus forms an inter-

diffusion layer at the p-n junction, benefiting the band alignment [115], [118]. 
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d. The as-obtained film is annealed in air to get rid of moisture in the film after the bath. During 

the CBD method, a small amount of Cd(OH)2 precipitates along with CdS. This annealing process 

promotes the decomposition of this compound and formation of CdO, which decreases the overall 

resistance of this layer [119].  

 

However, due to the normal architecture of the solar cells, when CdS is on top of the main light 

absorber layer, the band gap of CdS becomes a limitation for further improvement regarding 

efficiencies of metal chalcogenide thin film solar cells. A considerable portion of the light that has 

a wavelength shorter than 550 nm will be absorbed by the CdS layer instead of the light absorber 

layer, which will contribute to the final energy conversion. That is also the reason that we can 

always observe a current loss at left shoulder of EQE spectrum at 550 nm [21], [107].  

 

To solve this problem, researchers were working on incorporation of Zn into CdS and utilize 

CdZnS alloy as the n-type layer instead. ZnS shares the same two common crystal structures as 

CdS. Different from CdS, most bulk ZnS appears in the cubic phase rather than hexagonal. Because 

of the expansion from both the conduction band bottom and valence band top compared with CdS 

[120], the band width is ~3.78 eV for the cubic structure and  ~3.58 eV for the hexagonal structure 

[121]. Neither of them has significant photon absorption in the visible light range.  

 

Intuitively, taking advantage of the CBD methods, Tosun et al. Zn2+ salts are added to the bath 

along with Cd2+ salts to form the alloy. However, because CdS has lower solubility in an aqueous 

environment compared with ZnS, CdS tends to precipitate first and followed by ZnS [122]. As a 

result, there is an increased Zn2+ concentration gradient along the thickness of the film from the 
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substrate to the top. No uniform CdZnS alloy can be obtained; thus, the absorption of blue light 

still exists in such films.  

 

Instead of the CBD method, the molecular precursor route offers another deposition possibility for 

CdS as well as CdZnS thin film fabrication. Through spin coating of a molecular precursor, 

different kinds of metal chalcogenide thin films with uniform composition can be achieved in 

different amine-thiol systems, such as CIGS, CZTSSe, SnS2 and ZnS [27]-[29], [123], [124]. In 

this chapter, amine-thiol based solution processing method was used to deposit CdS or CdZnS thin 

films as the n-type layer in CIGS or CZTSSe photovoltaic devices. The phase, morphology, and  

I-V performance of the films deposited from molecular precursor spin-coating will be compared 

with the traditional chemical bath deposited CdS. 

 Chemical bath deposited CdS 

5.2.1 Experiment 

5.2.1.1 Materials 

Cadmium sulfate (3CdSO4•8H2O, 99.996% Alfa Aesar) is dissolved in ultrapure deionzed water 

(resistivity >18.2 Mohm•cm, dispensed from Synergy® water purification system from Millipore 

) at the concentration of 0.015M was used as Cd2+ source (Solution 1). Similarly, thiourea (>99%, 

Sigma-Aldrich) was dissolved ultrapure deionized water at the concentration of 0.75M as the 

sulfur source (Solution 2). Ammonium hydroxide (NH4OH, 29.4%, JT Baker) was used as buffer 

solution. 
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5.2.1.2 Reaction procedure 

A 500 ml water jacketed beaker was connected to a water heater, pre-set to 65°C. When the 

temperature was stabilized at 65°C, 150 mL of ultrapure water, 22 mL of Solution 1 and 28.57 mL 

of NH4OH were poured into the beaker. The freshly selenized CZTSSe samples, which were 

soaked in ultrapure water for 5 min previously, were merged into the solution mixture 

immediately. The magnetic stirring bar at 100 r/min. After 1 min elapsed time, Solution 2 was 

poured into the beaker. Eight CZTSSe films were added into the bath. They were taken out of the 

bath at 4 different time stages, 11 min, 12 min, 13 min and 15 min. When the films were out of the 

bath, they were rinsed with ultrapure water and blow-dry by nitrogen gun. These eight films were 

put into an oven (preset at 120°C) to evaporate all the moisture. After 5 min in the oven, samples 

were transferred into high vacuum chamber for ZnO/ITO deposition as soon as possible. Devices 

were finished by ZnO/ITO for the window layers and then Ni/Al for the front contacts.  

5.2.2 Characterization of CZTSSe capped with CdS  

From Figure 5.1 , it is clear that,  with different deposition time, the film color changes from purple, 

purple-blue,  blue to green with longer CdS, which can be used as a future reference for CBD CdS 

The cross-sections of these films are shown in Figure 5.2 to illustrate the CdS layer in between 

CZTSSe large grains and ZnO. It can be seen that the CBD method gives a relatively uniform 

coating of CdS nanoparticles on top of the CZTSSe grains, although a thicker CdS accumulation 

layer can be found in some concave surfaces, such as at grain boundaries. From the cross-section 

SEM images, for CdS deposited by 11-13 min, there is no significant difference regarding the 

thickness of CdS layer. This is probably due to the very limited observation area in SEM and slow 

deposition rate at the beginning of the reaction. However, from Figure 5.2, the average thickness 
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of CdS on CZTSSe should be different, determined from the reflected color difference. When the 

deposition time was 15 min, the thickness of the CdS increased significantly to 80 nm. 

 

Figure 5.1  Post deposition of CdS on CZTSSe with color difference. 
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Figure 5.2  SEM iamges of cross-section of CZTSSe devices with CdS deposited for different 
time periods: (a) 11 min, (b) 12 min, (c) 13 min and (d)15 min. 

 

All of these films were fabricated into solar cells and the photovoltaic performances were measured 

for all the cells. The efficiency and other parameter distributions of 48 cells are plotted as a function 

of CdS deposition time in Figure 5.3. 
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Figure 5.3  Device performance vs. CdS deposition time 

 

From the performance of the solar cells, with different thickness of CdS, the performance of the 

solar cells is relatively stable. These was no significant influence of the CdS thickness in the range 

of 45-80 nm, which offers a wide target range for the amine-thiol processed CdS or CdZnS thin 

films.  

 Molecular precursor for CdS and CdZnS thin film 

5.3.1 Experiment 

5.3.1.1 Materials 

Cadmium oxide (CdO, >99.99%, trace metals basis, Sigma Aldrich) and zinc oxide (ZnO, puriss. 

P.a., ACS reagent, >99.0%, Sigma Aldrich) was used as the cation source. Ethanethiol (C2H5SH, 

97%, 100mL, Sigma Aldrich) and hexylamine (CH3(CH2)5NH2, 99%, 100mL, Sigma Aldrich) 

were used as the solvent. 
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5.3.1.2 Method 

Cadmium oxide and zinc oxide was dissolved in a mixture of ethanethiol and hexylamine at the 

concentration of [Cd2++Zn2+]=0.05 M or 0.1 M. For the Cd2+solution. Two Different methods of 

adding hexylamine and ethanethiol were used in the dissolution: either hexylamine prepared along 

with CdO first, and then ethanethiol added drop by drop followed by votexing until it is fully 

dissolved; or ethanethiol prepared with CdO first and then hexylamine added drop by drop as 

shown in Figure 5.4. 

 

Figure 5.4  Different dissolution phenomenon by adding solvent in different sequences 
 

From Figure 5.4, it can be seen that when hexylamine was added drop by drop, it first formed 

white complexes and then, with more hexylamine, the complexes were dissolved. In contrast, when 
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ethanethiol was added drop by drop, no white complexes were found. Instead, the amount of the 

dark red powder, which corresponded to CdO, decreased with more ethanethiol added. We suspect 

that when the dissolution happened, CdO formed metal-organic complex(es) with ethanethiol first 

as shown in figure 5.5[125], and these complex(es) were able to be dissolved in hexylamine. That 

also explains why the white complex(es) only showed up when hexylamine was not sufficient, 

while when ethanethiol was not sufficient, CdO stayed as CdO powders. For the dissolving 

experiment, every 1 mmol of CdO needed about 3 mmol of ethanethiol (in sufficient hexylamine) 

or 2 mmol of hexylamine (in sufficient ethanethiol) to be fully dissolved. Detailed study on the 

dissolution mechanism still requires more quantitative investigation through mass-spectrum (MS) 

or nuclear magnetic resonance (NMR). 

 

Figure 5.5  Proposed complex structure for cadmium thiolate 
 

Since ethanethiol has a very low boiling point (35 °C) and it evaporateed fast at room temperature. 

A minimum amount of ethanethiol with enough hexylamine was used as solvent for the following 

characterization and application. For spin coating, 300 µl of solution was dropped on Molybdenum 

(Mo, 800 nm) coated soda-lime glass, or fluorine doped tin oxide (FTO, for UV-vis measurement) 

glass (2.3 mm, surface resistivity ~13 ohm/sq, Sigma Aldrich), or CIGSe/ CZTSSe thin films right 

after selenization as the n-type layer. The spin rate was set to 500 rpm for the first 5 seconds and 

1500 rpm for the next 40 seconds. The first 5 seconds were used to make sure the solution wet the 

whole surface and formed a liquid thin film, and the next 40 seconds were used to further reduce 
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the thickness of the film and also dry the film during high-speed spinning. The as-prepared thin 

film was annealed at hotplate at 350°C for 5min to obtain the final film. 

 

For thermogravimetric analysis (TGA), 100 µl of Cd2+ solution was drop cast on Mo glass and 

dried at room temperature until there was no liquid phase residual. The complex(es) formed was 

scrapped off by razor blade into a TGA crucible. SDT Q600 was used for TGA measurement. The 

heating ramp in TGA was 10°C/min and the whole process was under inert gas flow to avoid any 

oxidation of the complex(es). 

 

For transmission electron microscopy (TEM), solution was diluted in ethanol for 10 times and 

drop cast on a SiN TEM grid. When there was no liquid phase visible, the TEM grid was 

transferred onto a glass slide and bake on a hot plate at 350°C for 5min. FEI Tecnai 200 was used 

for the TEM observation. All the liquid-evolved preparation procedures mentioned above, as well 

as the chemical weighing, were done in a glovebox with both oxygen and moisture levels lower 

than 0.1ppm.  

5.3.1.3 Characterization of the molecular precursor and the resulting thin films 

The TGA plot and the first derivative of weight percentage for the as-formed complex(s) are shown 

in Figure 5.6. Before 250 °C, there is about 10% weight loss, which came from the evaporation of 

residual solvent. The major mass loss happened at about 270~280 °C. Since there should be no 

liquid phase left in the complex, this ~40% weight loss most likely corresponded to the cadmium 

complex decomposition and byproduct evaporation. This is also consistent with the previous 

dissolution study. Assuming one Cd atom was bonded with three S atoms on average, to form the 

complexes as [Cd2(SCH3)6]2-, two S as well as the carbon species were lost during decomposition 
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while one S stayed with Cd to form CdS. The weight loss, in this case, would be about 40% as 

well.  However, the metal thiolates chemistry is relatively complicated and all these suspicions 

need to be confirmed by more thorough and accurate analysis methods.     

 

Figure 5.6  TGA curve for the as formed complex from CdO dissolved in hexylamine with 
minimum ethanethiol at 0.1M 

 

From the TEM image in Figure 5.7, it can be clearly seen that nanoparticles with ~5 nm diameter 

were formed after the molecular precursor was baked at elevated temperature. When zoomed in 

(as shown in Figure 5.7b), these nanoparticles appeared well-crystalized and mostly agglomerated 

with each other. This size is smaller than the generally reported CdS size deposited by chemical 

bath deposition, which is normally about 10 nm [126].  
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Figure 5.7  (a) TEM image and (b) HRTEM image of the diluted molecular precursor baked on 
TEM grid 

 

Figure 5.8 shows the XRD patterns of films made from CdxZn1-xS films spin-coated with different 

Cd:Zn ratios. The films tended to have lower crystallinity with higher Zn content. Comparing the 

XRD patterns with the standards, the as-deposited films were mostly cubic phase, although it is 

very difficult to tell if there is any wurtzite phase, since the peaks were so weak at high Zn 

concentration. Also, from low to high Zn concentration, the peaks in XRD patterns slightly shifted 

to the high angle direction, corresponding to smaller lattice parameters. However, the amplitude 

of peak shifting is not as large as expected. Based on Vegard’s law, if the composition is the same 

as the starting precursor ratios, the (111) peak of Cd0.6Zn0.4S should be at 27.5° instead of 27.1° as 

shown in Figure 5.8. This demonstrates that not all the Zn was incorporated evolved into the alloy 

lattice. There might be two possibilities for this, either Zn evaporateed during film annealing, or it 

stayed in the amorphous phase. SEM-EDS was conducted on the Cd0.6Zn0.4S film, and it turn out 

the Cd to Zn ratio was about 3:2, however, about 50% atomic percent of the film consisted of 

carbon, which implies some Zn may stayed with the carbon species and not incorporated into 

crystal. 
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Figure 5.8 XRD of spin-coated film with different starting Cd:Zn ratio 
 

It can be seen from the cross-section images of spin-coated CdxZn1-xS films as shown Figure 5.9, 

that when only CdO was used as the precursor, a dense, flat film with about 100 nm thickness was 

formed. When more and more ZnO was added to make the alloy, the film was getting more and 

more porous. When there was only ZnO was used as cation source, the resulting film was much 

thicker (300 nm) and a layered structure dominated in the film, which made it porous. This result 

was in consistent with the XRD results, since it also demonstrated a better crystallinity at high Cd 

concentration.  
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Figure 5.9  Cross-section SEM images of spin-coated (a) CdS, (b) Cd0.8Zn0.2S, (c) Cd0.6Zn0.4S 
and (d) ZnS. Two layers were accumulated for achieve a significant thickness. 

 

From the band gap measurement in UV-vis (Figure 5.9), it can be seen that band gap width 

increased with Zn concentration. For CdS and ZnS, the band gap widths are the same as previously 

reported values [127], [128]. However, for the alloys, the band gap widths were slightly narrower, 

due to the incomplete Zn incorporation during annealing, as we demonstrated before.  

 



 
 

122 

 

Figure 5.10  UV-vis of spin-coated CdxZn1-xS films with differnet Cd/Zn ratio 

 

 

For photovoltaic application, pure Cd2+ solution was applied on CIGSe or CZTSSe thin films with 

only one layer of spin-coating, which gave about <100 nm thick CdS thin film. These films need 

to be soaked in water for 5 min before the CdO molecular precursor was spin-coated on the top. 

By soaking in water, the residual Se after selenization were removed. Otherwise, the hexylamine-

ethanethiol solvent could partially dissolve the selenium and left a different wetting behavior than 

other areas on the film as shown in Figure 5.11. Because of the dissolution of Se, the CdS might 

be partially converted into CdSSe after annealing, which would make the CdS(Se) grains 

significantly bigger or more visible under SEM than for the pure CdS. The resulting morphology 

of CdS(Se) film made the CIGSe layer partially exposed outside, and shunted the device as shown 
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from the J-V curve in Figure 5.12. The light curve bending towards the x-axis also demonstrated 

the serious shunting of the solar cell.  

 

Figure 5.11  SEM plan-view of CdS spin-coated on CIGSe films (a) without soaking and (b) 
with soaking 

 

 

Figure 5.12 I-V curves of CIGSe devices using spin-coated CdS as n-type layer (a) without 
soaking and (b) with soaking after selenization 

 

After soaking in water to remove residual Se, the efficiency of the solar cells was improved 

significantly, especially from the short circuit current density and fill factor. However, despite the 
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full coverage of CdS, there was still be a huge gap between the CBD deposited CdS and spin-

coated CdS regarding the photovoltaic  performance [107]. To figure out the reason from the 

composition view, a cross-section sample of a full device with spin-coated CdS was prepared for 

STEM to determine if there was any spin-coating induced composition fluctuation or structural 

discontinuity at the interface between CIGSe and CdS. 

 

From the cross-section image in Figure 5.13(a), the resulting CdS film was only about 40 nm thick. 

The thickness may need to be increased slightly to improve the shunting behavior by optimizing 

the solution concentration or spin rate. It also can be clearly seen that, although from top view 

CIGSe are covered with CdS, the CdS and CIGSe layers were not attached to each other closely 

everywhere. This may significantly limit the current density as a photovoltaic device, since 

electrons and holes can only be transferred through limited junction points at the interface. Other 

than the discontinuity between p-type layer and n-type layer, it was also noticeable that the Cd 

distribution was not uniformly distributed in the CdS layer due to the porous structure of this layer. 

Also, a significant amount of Cu and In diffused into the CdS layer; they are mostly accumulated 

at the voids in the CdS layer. It has been shown that, at the interface between CdS and CIGSe, the 

creation of Cu-deficient layer on top of CIGSe layer may improve the band alignment and enhance 

the open circuit voltage of CIGSe photovoltaics [129], [130]. However, how to quantitatively 

control the Cu removed from CIGSe layer or how to prevent Cd and In interdiffusion would be a 

challenge.  Another problem is Se diffusion. Although most Se can be washed away during soaking, 

the CdS layer still has Se, which may come from the dissolution or diffusion from CIGSe. When 

CdS is alloyed with Se, the band gap of this layer is reduced, which may further reduce the light 

absorbed in CIGSe layer. 
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Figure 5.13 (a) Cross-section of CIGSe solar cell using spin-coated CdS as n-type layer; (b) 
zoom-in image of CdS layer and indication of the line scan location; (c) EDS-line scan of 

elemental distribution along the arrow 
 

 Conclusion 

This chapter examined CdS or CdxZn1-xS deposited from either chemical bath deposition or spin-

coating of molecular precursor. For chemical bath deposited CdS, the thickness as well as 

photovoltaic performance of CdS thin films as a function of deposition time have been discussed. 
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It turns out that, after 11-13 min of deposition, the CdS deposited on an absorber layer is about 50 

nm. When deposition time increased to 15 min, the CdS thickness increased to about 80 nm. 

However, the device photovoltaic performance was not affected significantly. It is possible that, 

for thicker CdS, resistance is increased and limits the current; however if the CdS is too thin, then 

the cell may be partly shunted. Thus, there is a balance regarding the thickness of CdS layer. When 

the surface of the p-type layer is rough, it will be more difficult to determine the optimal CdS layer 

thickness. 

 

For the molecular precursor route, CdO and ZnO were used as cation sources and ethanethiol was 

used as a sulfur source as well as solvent along with hexylamine. CdxZn1-xS films with different 

Cd/Zn ratio were deposited successfully. The crystallinity of the films decreaseed with increased 

Zn concentration, which may result from the different formation energy of CdS and ZnS through 

the solution phase during annealing. The CdS film coated from the molecular precursor was used 

as an n-type layer in CIGSe solar cells and achieved 6.9% efficiency. From the cross-section slice 

of the device, it can be concluded that better film attachment is needed to improve the solar cell 

performance. The spin-coating and following annealing induced interdiffusion between CdS and 

CIGSe, which may be another issue to limit the further application of this method. 
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6. CONCLUSION AND SUGGESTED FUTURE WORK 

 Conclusions 

In this work, nanoparticle-ink based solution processing for Ag-related kesterite material as the 

light absorber for thin film photovoltaics has been developed. The microstructure evolution and 

phase transformation for both the nanoparticle formation and nanoparticle-to-film transition have 

been studied to understand the mechanism of nucleation, grain growth, and film formation for the 

future large-scale fabrication of Ag-based kesterite thin films.  

 

CZTSSe was used as the reference material. Ag was added into the system at different 

concentrations. Ag-alloyed CZTS nanoparticles were synthesized from 10% to 50% [Ag]/[Ag+Cu] 

ratios. It is suggested that Ag can induce inter- and inner particle inhomogeneity, especially for 

Ag-rich and Zn-rich particles. More than 30% Ag-alloying can result significant secondary phase 

formation in the nanoparticles, mainly ZnS. However, after selenization, uniform films are formed 

due to the re-crystallization and grain growth in selenium, and the Ag put in as a precursor can 

fully incorporate into the final film. Different stoichiometric ratios of cations, specifically for 

[Cu+Ag]/[Sn], were used as starting precursor ratio; however, the selenization process itself was 

able to absorb the depleted extra material and form ACZTSSe grains with the preferred 

composition. Ag was proven to help with large, flat grain formation, depletion of sulfur, and 

minimizing the thickness of fine grain layer., However, the optoelectronic properties were not 

improved with higher Ag concentration, since Ag can result in donor defects and reduce the carrier 

density in p-type CZTSSe.  
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To get rid of Cu completely, AZTS nanoparticles were needed. The nanoparticles were synthesized 

through a solvo-thermal process. The pathway, as well as the size change, for the nanoparticle 

formation has been revealed. The reaction started with nucleation of binary/ ternary phases. 

Through the dissolving/ diffusion of the secondary phases, as well as grain growth, the highly 

crystalized AZTS nanoparticles were formed with uniform elemental distribution.  

 

A strategy to form pure AZTSe films was achieved by selenizing sulfide nanoparticles in selenium 

vapor at elevated temperature. The selenization conditions were carefully controlled, which 

includes: 1) selenization temperature was higher than 475°C, and the heating ramp was as fast as 

possible to avoid the formation of SnSe2; 2) High Se temperature was required to provide enough 

Se condensation for continuous film formation; 3) KCN soaking was necessary to remove the Ag-

rich phase in order to enhance the optoelectronic properties of the film. The very initial film was 

used as the absorber layer for photovoltaic device and achieved 0.35% efficiency on a total area 

of 0.1cm2 under AM 1.5 illumination.  

 

As the buffer layer in metal chalcogenide thin films, CdZnS was formed by spin-coating of amine-

thiol-based molecular precursor. Through deposition of a molecular precursor, CdZnS with 

different Cd/Zn ratios was obtained. Zn alloying not only increased the band gap, but also change 

the morphology of the film. With increased Zn concentration, the film porosity increases. The pure 

CdS film was deposited on CIGSe absorber layers and achieved more than 6.9% efficiency. From 

the cross-section, it was seen that significants amount of Cu and Se were diffused into the CdS 

layer. It is believed that the amine-thiol solvent system is very aggressive and may dissolve some 
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Cu or Se during spin-coating, which limits the further improvement of the efficiency of molecular 

precursor processed CdS devices.  

 Suggested future work 

6.2.1 Buffer layer for AZTSe-based thin film solar cells 

As we demonstrated before, AZTSe has great potential as a light absorber material in thin film 

solar cells with promising defect properties. In the initial cell, MoO3 was used as the buffer layer. 

However, there is a ~2 eV mismatch between the valence bands of AZTSe and MoO3. 

 

Figure 6.1 ADEPT simulation of band alignment between MoO3 and AZTSe 
 

As an n-type absorber, holes transfer from AZTSe layer to MoO3 layer, while the mismatch will 

eliminate the hole flow significantly. For MoO3, different heat treatments in different environment 

can change the band gap by introducing oxygen vacancies or oxygen interstitials. Thus, better band 
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alignment can be expected by optimized MoO3 annealing. Another way to solve this problem is to 

alter the buffer layer with other p-type materials, such as ZnTe or Cu2O. 

 

Figure 6.2 Band alignment simulated from ADEPT for (a) Cu2O and AZTSe; (b) ZnTe and 
AZTSe 

 

The low carrier density in AZTSe would also be a potential problem, which might be solved by 

doping to provide more of the donor’s defects.  

6.2.2 Fast grain growth in AZTSe 

It has shown before that the selenization of AZTSe is much faster than that of CZTSSe. The rapid 

grain growth not only results in a porous fine grain layer underneath, but also may lead to defects 

and inhomogeneity in the large grains. The mechanism of the large grain size formation remains 

unknown.  

 

Since oxygen played an important role in the final composition and morphology, more detailed 

study is needed regarding how oxygen is bound into the nanoparticles and why Ag can be removed 
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by KCN etching. For future applications, a more oxygen-free or controlled oxygen exposure will 

be preferred to increase the reproducibility of the films.  

6.2.3 Molecular precursor for CdZnS 

Although the PCE of molecular precursor deposited CdS has lower efficiency compared with the 

CBD method, there is still room for improvement of this method: 1) By dissolving pure metal 

instead of oxides, the carbon species are expected to be removed after annealing; 2) Other benign 

solvents can be used to dissolve the Cd/Zn complex to avoid the etching of absorber layer; 3) Low 

boiling point solvents will be preferred to eliminate the material inter-xadiffusion induced by post-

coating annealing.  
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