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ABSTRACT 

Zhang, Ruihong. Ph.D., Purdue University, December 2015. Solution Routes to Metal 

Chalcogenides and Zinc Oxide Thin Films for Device Applications. Major Professor: Rakesh 

Agrawal and Carol A. Handwerker. 

 

 

Semiconductor thin films and their fabrication methods have been intensively investigated in 

order to fulfill a wide spectrum of applications in electronic devices, optical devices, and 

photoelectronic devices. Solution deposition of semiconductor thin films draws increasing attention 

since it offers low cost, high-throughput production, and better compatibility with flexible or 

polymeric substrates compared to the vacuum deposition. This dissertation mainly focuses on the 

solution routes for depositing two groups of seminconductor thin films: kesterite copper zinc tin 

sulfide/selenide/sulfoselenide (Cu2ZnSn(S1-x Sex)4 (0≤x≤1) (CZTSSe) and zinc oxides (ZnO). The 

corresponding thin film devices based on the solution routes are also presented. 

Compared to fossil fuels, the higher cost of photovoltaic electricity is the main barrier for its 

extensive application. To advance photovoltaic electricity as a promising energy alternative, the 

candidate materials and processing routes should be cost effective for beyond terawatt scale. 

Kesterite CZTSSe is an attractive absorber material since it contains earth-abundant elements (i.e. 

copper, zinc, tin, and sulfur) and has a high light absorption coefficients (i.e. 104~105 cm-1). The 

molecular solution routes, which offers a facile control of the film composition and the scalability 

for mass production, has the demonstrated advantages in fabricating CZTSSe thin films. In this 

study, metal salt precursor solutions and metal-metal chalcogenide precursor solutions based on 

versatile amine-thiol solvent mixtures are developed to deposit high-quality CZTSSe thin films, 

and solar cells with power conversion efficiencies (PCEs) more than 8% and 7% are fabricated  
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based on the corresponding solution routes, respectively. The effects of the metal salts, the solvents, 

and the precursor compositions (e.g. Cu/Sn ratios) on the PCEs are studied systematically in order 

to achieve better solar cell performances. The microstructural evolution of solution-processed 

CZTSSe precursor films during the selenization is examined, and a mechanism is proposed to 

explain the rapid microstructural and compositional changes as well as the formation of fined-

grained layers during the selenization. In addition, the versatility of using the amine-thiol solvent 

system in depositing semiconductor thin films is illustrated in terms of the rapid dissolution of bulk 

metals, metal salts, organometallic compounds, and metal chalcogenides at room temperature in 

this solvent system, and the deposition of binary, ternary, and quaternary metal chalcogenide thin 

films from the as-dissolved or combined precursor solutions. The molecular precursor route based 

on this versatile solvent system opens a door for low-cost fabrication of semiconductor thin films. 

Solution-processed ZnO thin films are promising candidates for cost-effective thin film 

electronics. In this study, an aqueous solution route is utilized to grow ZnO thin films with different 

morphologies at low temperature (90°C). Effects of the seed layers and solution conditions on 

morphologies of individual ZnO nanorods and thin films are investigated. Particularly, this study 

presents a solution method to modify the anisotropic growth behavior of hexagonal ZnO, which 

successfully results in a two-dimensional continuous polycrystalline film within a short-time 

growth. This method is then applied to the fabrication of ZnO thin film transistors. Continuous 

active layers with thicknesses of ~ 100 nm are acquired with solution growth for 15 min. The 

applicability of this method for low-cost transparent thin film transistors is demonstrated in terms 

of film microstructure, film transmittance, and device I-V measurements.
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CHAPTER 1. INTRODUCTION 

1.1 Dissertation Organization 

This dissertation focuses on the molecular precursor routes to deposit metal chalcogenide thin 

films for photovoltaic (PV) application (Chapter 1-4), and the hydrothermal growth of ZnO thin 

films for transparent electronic device application (Chapter 5). Chapter 1 introduces the principles 

of solar cell operation and key parameters representing the performance of solar cells; reviews the 

advantages of thin-film solar cell technology over crystalline-silicon based photovoltaics; and 

summarizes the properties of earth-abundant Cu2ZnSn(S1-xSex)4, 0≤x≤1 (CZTSSe) absorber 

materials. In addition, the deposition methods for kesterite CZTSSe are reviewed, with an emphasis 

on why solution deposition has the potential to advance PV technology to the terawatt scale.  

Chapters 2-4 focus on two non-hydrazine molecular precursor routes, which are based on a 

versatile amine-thiol solvent system for the deposition of CZTSSe, and other metal chalcogenide 

thin films. Chapter 2 reports the fabrication of CZTSSe solar cells using metal salt precursor 

solutions. The detailed procedures of this developed solution route, including the precursor 

preparation, film deposition, solvent evaporation, and selenization, are described. The 

microstructures, compositions, and phases of fabricated kesterite thin films are reported along with 

the corresponding solar cell power conversion efficiencies (PCEs). Currently, solar cell efficiency 

of 8.09% has been achieved for a cell area of 0.456 cm2 under standard AM 1.5 illumination. In 

Chapter 2, the versatility of the amine-thiol solvent mixture is also illustrated by a series of 

dissolution experiment.
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Chapter 3 further discusses the phase transformation and microstructural evolution of CZTSSe 

precursor films during the solvent evaporation/annealing as well as the selenization. The phase and 

composition of the annealed films are characterized using transmission electron microscope (TEM) 

and scanning transmission electron microscope (STEM) equipped with energy dispersive X-ray 

detector (EDX). The microstructural evolution during the selenization process is captured by 

selenizing a series of precursor films for different periods of time. The film structures and 

compositions are characterized using a scanning electron microscope (SEM) equipped with EDX. 

The phases formed at different selenization periods are characterized using X-ray diffraction (XRD) 

and Raman spectroscopy. The results of this ex-situ study reveals the mechanism of the grain 

growth and phase transformation of molecular precursor-processed films during heat treatment.  

Chapter 4 introduces another molecular precursor route based on metal-metal chalcogenide 

precursor solutions. Since the versatile amine-dithiol solvent mixtures enables the rapid dissolution 

of pure metals (e.g. Cu, Zn, Sn, and In) and metal chalcogenides (e.g. CuX, SnX, Cu2X, In2X3, etc., 

X=S or Se) at high concentrations, specific metal-metal chalcogenide precursor solutions are 

designed for the deposition of multinary chalcogenide thin films (e.g. CuS, SnS, Cu2Sn(S1-x,Sex)3 

(0≤x≤1), and CZTS/CZTSSe). The practicality of using this solution route to replace hydrazine-

based solution route is demonstrated by the fabrication and characterization of CZTSSe thin-film 

solar cells.  

Chapter 5 reports a low-cost hydrothermal growth method to produce continuous and dense 

ZnO polycrystalline films. Aiming to grow densely-packed ZnO thin films for applications such as 

active layers in thin-film transistors (TFTs) or transparent conductive layers (TCOs) in solar cells, 

the nucleation and crystal growth of individual nanorods are well-controlled. Systematic studies on 

the effects of seed layers and additive ions (i.e. chloride ions) to the final film structures are 

performed, leading to an optimized low-temperature hydrothermal growth method for dense ZnO 

thin films. 
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1.2 Principles of Solar Cell Operation  

The photovoltaic effect is a conversion process in which electricity is generated from light when 

a semiconductor is exposed to sunlight. This photovoltaic energy conversion in solar cells consists 

of two essential steps: the photogeneration of electron-hole pairs in the absorber layer, and the 

separation of the electron-hole pairs due to the built-in electric field provided by the p-n junction 

in a solar cell. For the standard AM 1.5 solar spectrum, the ideal band gap (Eg) of absorber materials 

is 1~1.5 eV.1-4  

The physics and performance characteristics of solar cells in response to applied bias and light 

are introduced in the following paragraphs. When sunlight shines on the solar cell, all the light with 

E>Eg is absorbed, and one electron-hole pair is generated by the absorption of each photon. The 

built-in electric field across the p-n junction decreases local recombination and facilitates carrier 

separation. The voltage resulting from this electric field is called the built-in bias (Vbi). Under 

equilibrium condition (i.e. no external bias and no illumination), the diffusion current of majority 

carriers across the junction is balanced by the drift current of minority carriers back across the 

junction. The Vbi bias is influenced by the doping level of both sides in the p-n junction: 

                             𝑉𝑏𝑖 =
𝑘𝐵𝑇

𝑞
𝑙𝑛 (

𝑁𝑑𝑁𝑎

𝑛𝑖
2 )                                       (Equation 1.1)  

where kB is Boltzmann’s constant, T is temperature in Kelvin, Nd is the concentration of donor 

atoms, and Na is the concentration of acceptor atoms. 

The net electric field (Vj) can be changed by applying an external bias (V, bias applied to the p-

side) across the p-n junction. Then the net electric field, Vj, is given by Vj=Vbi-V. When a forward 

bias is applied across the p-n junction, the net electric field in the depletion region is decreased. 

The barrier to the diffusion of carriers from one side to another is reduced, thus the diffusion current 

from the majority carriers increases. The drift current is unchanged due to the limited number of 

minority carriers generated within a diffusion length away from the edge of the depletion region or 
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inside the depletion region. When the reverse bias is applied across the p-n junction, the net electric 

field at the depletion region increases, resulting in a higher resistance to the diffusion of majority 

carriers. While the diffusion current decreases dramatically, the drift current increases slightly, due 

to the increased depletion region. The drift current is still limited by the generation of minority 

carriers, thus the total drift current is low. These current density-voltage (J-V) characteristics are 

known as the diode behavior and can be described by the following equation: 

                            𝐽𝑑𝑎𝑟𝑘 = 𝐽𝑜(𝑒
𝑞𝑉

𝑘𝐵𝑇 − 1)                                          (Equation 1.2) 

where J0 is a constant, kB is Boltzmann’s constant, T is temperature in Kelvin, and m is the ideality 

factor. For an ideal diode m=1 and for non-ideal thin-film solar cells 1<m<2. 

When a p-n junction is exposed to illumination, the p-n junction operates in superposition.5 An 

ideal solar cell can be represented by a current source connected in parallel with a rectifying diode 

(Figure 1.1a). The J-V characteristics can be obtained from the corresponding characteristic of a 

diode in the dark by shifting the diode characteristic along the current density axis by the light-

generated current, JL. The overall current density inside the solar cell is equal to the summation of 

the photogenerated current and the dark current, as shown in: 

𝐽(𝑉) = 𝐽𝑑𝑎𝑟𝑘 (𝑉)−𝐽𝐿                                         (Equation 1.3) 

For an ideal diode, the equation can be written as  

𝐽(𝑉) = 𝐽0 (𝑒
𝑞𝑉

𝑘𝐵𝑇 − 1) − 𝐽𝐿                                    (Equation 1.4) 

For non-ideal thin-film solar cells, the J-V behavior is different from the typical crystalline Si and 

III-V solar cells due to the parasitic resistance, thus a more general equation is used to describe the 

J-V characteristics according to Hegedus et al.:6 

𝐽(𝑉) = 𝐽0 𝑒
𝑞(𝑉−𝑅𝐽)

𝑚𝑘𝐵𝑇 + 𝐺𝑉 − 𝐽𝐿                                  (Equation 1.5) 

where R represents the series resistance and G represents the shunt conductance. J0 is the diode 

current which is equal to 
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𝐽0 = 𝐽00exp (−
Φ𝑏

𝑚𝑘𝐵𝑇
)                                     (Equation 1.6) 

with the barrier height Φb and prefactor J00 corresponding to the specific recombination mechanism 

dominating the forward current J0. For G << JL/Voc, the open-circuit voltage is given by: 

𝑉𝑜𝑐 =
Φ𝑏

𝑞
−

𝑚𝑘𝐵𝑇

𝑞
ln (

𝐽00

𝐽𝐿
)                                 (Equation 1.7) 

The measurement of the current density-voltage (J-V) characteristics is commonly performed 

under a standard illumination condition, 100 mW/cm2 AM 1.5 spectrum at 25oC. Typical 

parameters indicating the solar cell performance are short circuit current (Jsc), open circuit voltage 

(Voc), fill factor (FF), power conversion efficiency (PCE, η), and quantum efficiency (QE). Parasitic 

resistance, series resistance (Rs) and shunt resistance (Rsh), directly influence the PCE. In an ideal 

case, the solar cell short circuit current is equal to the photocurrent. The J-V characteristics of a 

solar cell are shown in Figure 1.1b. FF is defined by the ratio between the maximum power density 

(Pmax=Jmax×Vmax) and the product of Jsc and Voc (Figure 1.1c): 

𝐹𝐹 =
𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥

𝐽𝑠𝑐𝑉𝑜𝑐
                                               (Equation 1.8)                                     

The power conversion efficiency (η) represents the highest fraction of the incident sunlight 

energy that has been converted into electricity power. It is described as: 

𝜂 =
𝐹𝐹𝐽𝑠𝑐𝑉𝑜𝑐

𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
                                                  (Equation 1.9) 

where the Pincident is the incident power. 

The quantum efficiency (QE) represents the number of electrons collected by the solar cell per 

incident photon at each wavelength. QE drops to zero beyond the wavelength corresponding to the 

band gap of the absorber material. The external quantum efficiency (EQE) includes the effect of 

both the electronic losses during photogeneration and collection in the absorber; and the optical 

losses refer to the absorption and reflection in window, transparent conductor, and other layers. 

Since the optical losses do not change with the applied biases, comparing the external quantum 
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efficiencies at different biases is meaningful to separate the electronic losses and the optical losses, 

providing insight into the recombination mechanism in the solar cells. Ideally, the photocurrent can 

be calculated by integrating EQE with respect to the wavelength. 

 

Figure 1.1: a) Equivalent circuit, b) J-V characteristics, and c) major parameters of solar cells.5 

 

1.3 Thin-Film Solar Cells 

In the current photovoltaic market, over 80% of solar cells are silicon-based solar cells.7 The 

record efficiency for the single-junction crystalline silicon solar cells is 25.6%.6 Compared to the 

conventional silicon technology, thin-film solar cells have several advantages. Firstly, the absorber 

layer, which normally is a direct-band gap semiconductor, has a higher light absorption coefficient 

(104~105 cm-1) than crystalline silicon. Sunlight absorbed by silicon with thickness >100 µm can 

be effectively absorbed by only 1-2 µm of those materials.4,8,9 The cost of raw materials and 

handling expense can be reduced significantly due to the thin-film structure. Secondly, thin-film 

solar cells are compatible with flexible substrates for portable devices.6,10 Lastly, the typical 

absorber layers of thin-film solar cells are polycrystalline films. The grain boundaries in this 

structure are less active as recombination centers compared to silicon-based solar cells.11 Therefore, 

low-cost solution-based deposition also can process high-efficiency thin-film solar cells, making 

the price of photovoltaics competitive to fossil energy. 
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Commercially, typical materials used in thin-film technology include CdTe and 

Cu(In,Ga)(S,Se)2 (CIGSSe). Their record efficiencies are both 20.1%.12,13 The issue of elemental 

abundance and the presence of heavy metal cadmium are drawbacks for these two inorganic 

absorber materials. Perovskite solar cells are emerging thin-film solar cells which contain a hybrid 

organic-inorganic lead or tin halide-based material as absorber layers. The lab record achieved for 

perovskite solar cells is 15%.14,15 However, compared to the inorganic absorbers, these absorbers 

are very air sensitive and unstable.16 Additional protection layers or special module designs are 

required for practical manufacturing.  

Kesterite copper zinc tin sulfide/selenide/sulfoselenide, Cu2ZnSn(S,Se)4, has been recognized 

as one of the most promising absorber materials to replace CdTe and CIGSSe in thin-film PV 

technologies. Compared to these two materials, elements required in CZTSSe are more earth-

abundant. For example, the abundance of tellurium, indium, and gallium in the earth crust is 

between 0.001 ppm and 0.05 ppm, while the abundance of copper, zinc, tin, sulfur, and selenium 

are 50, 75, 2.2, 260, and 0.05 ppm.17 In addition, increasing demand for indium from the growing 

display industry for the production of transparent conductive coatings, poses a threat to cost savings 

for the thin-film solar cells industry. In order to advance PV technology to the terawatt scale, the 

use of earth-abundant absorbers like CZTSSe is highly favored.  

1.4 CZTSSe Absorber Materials 

Kesterite copper zinc tin sulfide, selenide and sulfoselenide, Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 

(CZTSe), Cu2ZnSn(S,Se)4 (CZTSSe) are attractive absorber materials that have been well-studied, 

since they contain earth-abundant elements, and have higher absorption coefficients  (>104 cm-1) 

than silicon.1-4,8,9,18-20 The bandgap of the CZTSSe thin films can be tuned from 1.0 to 1.5 eV by 

varying the sulfur to selenium ratio. The kesterite structure of CZTS/CZTSSe/CZTSe can be 

derived from the diamond cubic structure of silicon simply by ion substitution.20 For example, 
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kesterite structure can be formed by substituting two III-group cations with one II-group cation and 

one IV-group cation from the chalcopyrite structure, as shown in Figure 1.2. In this kesterite 

structure, planes containing cations Cu+Zn/Cu+Sn/Zn+Cu/Sn+Cu alternatively stack along the 

<001> direction. As quaternary compounds, kesterite CZTS/CZTSe/CZTSSe contain many lattice 

defects, vacancies, antisites, and interstitials. The deep-level antisite defects (e.g. CuZn and CuSn) 

are responsible for Voc loss. Empirical studies reveal that a copper-poor, zinc-rich composition is 

desired for high-efficiency CZTSSe solar cells, as depicted in Figure 1.3a, since the concentration 

of shallow VCu relative to CuZn can be enhanced using this copper-poor zinc-rich growth 

condition.2,20-22 In addition to bulk defects, the formation of secondary phases is another challenge 

when processing CZTSSe thin-film solar cells. Figure 1.3b is a pseudoternary phase diagram for 

Cu2S-ZnS-SnS2 system. It shows that a few mol% deviation from the compositions within the 

central area 1 will result in the formation of secondary phases such as Cu2S, ZnS, SnS2, and 

Cu2ZnS3 along with CZTS. The formation of those secondary phases will result in lower bandgap 

and lower shunt resistance. Furthermore, since the desired copper-poor and zinc-rich condition has 

deviated from the formula stoichiometry, a precise control in composition during processing of 

CZTSSe is extremely important. 22-24  

 

 

Figure 1.2: Derivation of kesterite crystal structure from diamond cubic structure.20  
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Figure 1.3: a) Efficiency map on the phase diagram of CZTS, indicating the copper-poor zinc-rich 

composition is preferred for high efficiency.25 b) Isothermal section of Cu2S-SnS2-ZnS phase 

diagram at 670 K.23 Area 1 represents the single phase area for CZTS. 

(b) 

(a) 
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1.5 Solution-Based Deposition Approaches 

Sputtering and evaporation are two prevailing vacuum-based deposition approaches for 

CZTS/CZTSSe/CZTSe thin films.4,8,19,26-30 For co-sputtered CZTSSe thin films, the current record 

PCE is 9.3%, according to Chawla et al.26 For the co-evaporation method, Repin et al. from NREL 

reported the record PCE of 9.1% for CZTSe films19 and Shin et al. from IBM reported the record 

PCE of 8.4% for CZTS films.28 Although the above vacuum-based methods have resulted in good 

efficiencies for CZTSSe-family solar cells, the difficulty in controlling the volatile species and the 

consequent formation of secondary phases still limit the quality of resulting films.19,30 In contrast, 

solution-based deposition not only offers a low-cost process, but also produces solar cells with even 

higher efficiencies than sputtering or evaporation approaches. Solution-based deposition can be 

further divided into two categories: colloidal deposition3,31-37 and molecular precursor deposition.38-

43 Guo et al. first synthesized CZTS nanoparticles and processed CZTSSe solar cells with CZTS 

inks.32 As reported by Miskin et al., the highest efficiency using this colloidal method was 9.0%.34 

With the addition of Ge in the lattice of CZTS nanoparticles, Hages et al. processed CZTGeSSe 

solar cells with higher Voc and PCE of 460 mV and 9.4%, respectively.44 Compared to the above 

colloidal method, the direct solution method, in which molecular precursor solutions are directly 

used for the deposition of absorber layers, has the advantages in i) simplifying the fabrication 

procedures; ii) improving the compositional uniformity; and iii) eliminating/reducing the carbon-

species contamination from long-chain ligands used for nanoparticle synthesis.17,32,33 The most 

successful direct solution method so far is based on hydrazine solutions developed by IBM.40-42,45,46 

The champion device for CZTSSe thin-film solar cell was processed using a hydrazine solution, 

which contains Cu2S, SnSe, S, and Se. The PCE achieved is 12.6% in a total area of 0.42 cm2 with 

Voc=513 mV, Jsc=35.2 mA/cm2, and FF=69.80%.46 This result indicates the promise of using a pure 

solution to deposit device-quality and multinary-chalcogenide thin films. Despite this huge success, 

researchers have been striving to find alternate low-toxicity and environment-friendly solvent 
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systems to replace hydrazine, since hydrazine is highly toxic and dangerously unstable. This is also 

one of the important motivation for developing new solution method for CZTSSe deposition in this 

dissertation.  
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CHAPTER 2. DEPOSITION OF CZTSSE THIN FILMS USING METAL SALT 

PRECURSOR SOLUTIONS 

2.1 Motivation 

Solution-based deposition of CZTSSe materials offers a number of potential advantages over 

vacuum deposition in terms of lower cost of raw materials and equipment, higher throughput 

production, and better compatibility with flexible substrates. Solution-based deposition can be 

further divided into two groups: colloidal deposition3,31-37 and molecular precursor deposition.38-43,46 

Compared to the colloidal deposition method, the molecular precursor method offers the potential 

of eliminating/reducing the undesired fine grain layer that results from residual carbon-containing 

capping ligands and the compositional non-uniformity of nanoparticles.34,47,48 Meanwhile, by 

circumventing additional steps associated with the nanoparticle synthesis, it offers a facile control 

of the thin-film composition, and promises the scalability for mass production.  With a hydrazine-

based slurry and a hydrazine-based pure solution, IBM has achieved a record power conversion 

efficiency of 11.1% and 12.6%, respectively, for kesterite CZTSSe solar cells.42,46 Despite its 

efficacy, hydrazine is highly toxic and dangerously unstable, and thus various handling precautions 

are required during film preparation. Developing alternate CZTSSe molecular precursors that are 

more cost-effective, have lower toxicity, and produce higher efficiencies than hydrazine-based 

solutions is the motivation of this study. 
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2.2 Review of Molecular Precursor Routes to CZTSSe Thin Films 

Currently, a few non-hydrazine approaches have been adopted to deposit CZTSSe thin films. 

They can be grouped into three major categories: hydrazine-derivative solution approaches,49,50 

metal salts/thiourea-based solution approaches,39,43,51 and metal oxide-based solution 

approaches.52,53 As an example of the first approach, Hsu et al. used hydrazinocarboxylic acid to 

dissolve zinc powders, which enabled the preparation of pure solution precursor containing 

hydrazinium chalcogenides of copper, zinc, and tin; and this resulted in a solar cell efficiency of 

7.2% on a cell area of 0.12 cm2.49 Unfortunately, this approach still relies on the reaction between 

the metal chalcogenides and hydrazine to form the hydrazinium metal complexes as solutes in the 

ethanolamine/dimethylsulfoxide-based precursor. Among all the studies using thiourea as the 

sulfur source, Xin et al. obtained the highest power conversion efficiency, i.e., 8.32%, on an active 

area of 0.43 cm2.43 It is interesting to note that in terms of human toxicity, the lowest toxicity 

solutions reported for the direct solution approach are ethanol-water based solution with dissolved 

metal salts and thiourea; the highest efficiency obtained for such a method is 5.29%.51 In the third 

category of using metal oxides as metal sources, Tian et al. dissolved copper (I) oxide, zinc oxide, 

and tin (II) oxide in a mixture of 2-methoxyethanol, thioglycolic acid, and monoethanolamine; 

achieving a solar cell efficiency of 6.83% on an active area of 0.368 cm2.52  

A simple solution-based approach for the deposition of Cu2ZnSn(S,Se)4 using a primary amine-

monothiol mixture is developed in this study. The versatility of this solvent mixture in dissolving 

different cation sources and chalcogens opens a door to a variety of metal chalcogenide molecular 

precursor designs. The process involves incorporating the metal sources and chalcogens into a 

primary amine-monothiol solvent mixture at room temperature, spin coating a precursor film, and 

heat treating the precursor films in both an inert gas and selenium atmosphere.54 With this solution 

approach, high-quality kesterite CZTS and CZTSSe thin films were formed after low-temperature 
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annealing and selenization. Solar cells were fabricated based on these CZTSSe thin films, resulting 

in a total area power conversion efficiency of 8.09% for a cell area of 0.456 cm2 under standard 

AM 1.5 illumination.55 

2.3 Experimental Section 

The fabrication of the CZTSSe solar cell using the developed solution route includes four 

procedures as depicted in Figure 2.1. The whole approach includes four steps: precursor preparation, 

film deposition and solvent evaporation, high-temperature selenization, and device fabrication. The 

details for each step are described as follows. 

 

 

Figure 2.1: A schematic of solution deposition of thin-film solar cells. 
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2.3.1 Molecular Precursor Preparation 

In the present work, “molecular precursor” or “precursor solution” refers to a pure solution in 

which the elements are homogeneously mixed at a molecular level. The CZTSSe molecular 

precursors were prepared by dissolving the cation sources and elemental chalcogens in a solvent 

mixture of a primary amine and a monothiol. The general preparation procedures for CZTSSe 

precursor solutions are: 1) dissolving the cation sources in a mixture of primary amine/s and 

monothiol/s to prepare solution A; 2) dissolving the anion sources in a mixture of primary amine/s 

and monothiol/s to prepare solution B. Here, the cation sources refer to elemental metals (Zn, Cu, 

etc.), metal salts (Cu(OAc)2, CuCl, SnCl2, etc.), organometallic complexes (Cu(acac)2, 

Sn(acac)2Cl2, etc.), and metal oxides (ZnO, Cu2O, SnO, etc.). The anion sources refer to elemental 

sulfur (S) and selenium (Se). The primary amine can be butylamine, hexylamine, etc. and the 

monothiol can be ethanethiol, propanethiol, etc. The solvent mixture can be with one or more types 

of primary amine and monothiol; 3) mixing cation and anion precursors at a specific volume ratio 

to prepare CZTSSe precursor solution. Solution conditions are optimized in order to obtain high-

efficiency solar cells. Herein, the solution condition refers to the types of dissolved cation/anion 

sources, the concentrations of Cu and Zn with respect to Sn, the absolute concentrations of Sn, the 

types of primary amine/s and monothiol/s in the solvent mixture, and the amine/thiol volume ratios.  

2.3.2 Film Deposition and Solvent Evaporation 

The CZTSSe precursor solution was spin coated on a one-by-one inch molybdenum-sputtered 

(~800 nm) soda lime glass (SLG) substrate. After spin coating a layer, the coated layer was 

annealed inside a heating chamber with an argon atmosphere at 250oC for 5 mins in order to 

evaporate the solvents. This coating step was repeated until the desired film thickness was obtained. 

The film deposition and solvent evaporation procedure is performed inside a nitrogen glovebox 
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with < 0.1 ppm water and oxygen. Figure 2.2 shows the designed heating chamber, as well as the 

spin coating and solvent evaporation setup in the glovebox.  

 

Figure 2.2: A schematic drawing of spin coating and house-made graphite heating chamber in the 

glovebox. The heating chamber is designed for annealing the as-coated films under 

Ar/N2/vacuum condition and preventing the deposition of Se/S inside the glovebox. Note that 

Se/S vapor is highly toxic to humans. 

 

2.3.3 Selenization  

The thin film was finally annealed at 500oC in a selenium atmosphere for 30 mins to achieve a 

higher crystallinity and promote grain growth. A temperature controlled tube furnace was used for 

the selenization purpose, as shown in Figure 2.3. The samples and selenium pellets were put into a 

sealed graphite box (inset in Figure 2.3). The sample box was parked at the cold zone of the quartz 

tube while the temperature inside the tube furnace was ramping. After the temperature at the center 

of tube became stable at 500oC, the graphite box was pushed into the center of the tube furnace by 
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a push-pull rod. The melted selenium pellets created a saturated selenium atmosphere around the 

samples. The amount of selenium pellets was well-controlled to create a saturated atmosphere. 

Before pre-heating, the tube furnace also was purged three times using Ar to ensure the purity of 

the gas atmosphere. After the desired time passed, the furnace was quickly cooled to the room 

temperature. A constant flow of Ar was applied into the tube in order to facilitate the cooling of the 

samples. 

 

Figure 2.3: Picture of tube furnace for selenization. The inset is the layout of selenium pellets and 

samples in a graphite box. 

 

2.3.4 Device Fabrication 

Solar cells were fabricated from the above-described CZTSSe films by creating the following 

additional layers: chemical bath deposition of ~50 nm cadmium sulfide (CdS), sputtering of ~80 

nm intrinsic zinc oxide (ZnO) and ~220 nm tin-doped indium oxide (ITO). On the top of the device, 

Ni/Al metal contacts were deposited by electron-beam deposition. For some devices, a ~100 nm 

antireflective magnesium fluoride (MgF2) coating was applied on the top to enhance the light 

absorption. The top-view of a solar cell is shown in Figure 2.4a and the cross-section schematic 
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drawing is shown in Figure 2.4b. There are six cells with a total area of 0.47 cm2 on a one-by-one 

inch substrates. The active area of the solar cells is normally ~ 0.45-0.46 cm2. 

 

Figure 2.4: a) Top-view image of the fabricated solar cell. There are six cells on a one-by-one 

inch substrate. b) The schematic drawing of the solar cell cross-section.  

 

2.3.5 Characterization 

The material phases, film morphology, and compositions were characterized using X-ray 

diffraction (XRD) (Rigaku), Raman spectroscopy with an excitation wavelength of 633 nm 

(HORIBA HR800 system), and scanning electron microscopy (SEM) equipped with energy X-ray 

dispersive spectroscopy (EDX) (FEI Quanta) equipped with an Oxford EDX silicon drift detector 

(SDD, X-MaxN 80 mm2).  

The J-V characteristics were measured with a four-point probe station using a Keithley 2400 

series sourcemeter and a Newport Oriel simulator with AM 1.5 illumination. The solar simulator 

was calibrated to 100 mW/cm2 using a Si reference cell certified by NIST.  External quantum 

efficiency (EQE) was studied under 0 V and -1 V bias in order to gain more insight into the solar 

cell performance. 

A linear superposition of Gaussian and Lorentzian distributions is used to fit the Raman spectra 

in this study. Equation 2.1 shows the fitting function used in Labspec software. 
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         (Equation 2.1) 

where A is the peak amplitude, ω is the peak FWHM, xc is the location of the peak maximum, and 

g is the weighting factor for the Gaussian contribution.   

 

2.4 Results and Discussion 

2.4.1 CZTSSe Molecular Precursor Solutions 

In the particular experiment for high-efficiency solar cell fabrication, Solution A was prepared 

by dissolving CuCl, ZnCl2, and SnCl2 into a mixture of hexylamine and propanethiol (volume ratio 

4:1). After stirring the solution at room temperature for 2 hrs, the metal chloride salts were fully 

dissolved. Solution B was prepared by dissolving Se powders and S flakes into a combination of 

hexylamine and propanethiol (volume ratio 2:1). In Solution B, the total concentration of 

chalcogens [S+Se] was 2 M, and the ratios of [S]:[Se] were adjusted to modify the grain growth 

during selenization and the band gap of the resulting absorber film. For typical devices reported 

here, the concentration ratio of [S]:[Se] was equal to 4:1. The CZTSSe precursor solution was 

prepared by mixing Solution A with Solution B in a volume ratio of 5:1. After complete mixing, the 

solutions are transparent orange; and the color varied slightly with concentration ratio of [S]:[Se], 

as shown in Figure 2.5. All operations were performed at ambient temperature (25oC±2oC) in a N2 

glovebox with < 0.1 ppm water and oxygen.  

 



20 

 

 

Figure 2.5: Images of molecular precursor solutions prepared using hexylamine-propanethiol 

solvent mixtures. a) Solution A: cation precursor containing CuCl, ZnCl2, and SnCl2 with a 

concentration ratio of [Cu]:[Zn]:[Sn] =1.53:1.05:1 and [Sn]=0.1 M in hexylamine and 

propanethiol (vol. ratio 4:1). b) Solution B: chalcogen precursor with a concentration ratio of 

[S]:[Se]=4:1 [S]+[Se]=2 M in hexylamine and propanethiol (vol. ratio 2:1). c) CZTSSe-1: mixture 

of Solutions A and Solution B (vol. ratio 5:1). d) CZTSSe-2: mixture of Solution A with another 

chalcogen precursor with [S]:[Se]=6:1, shown to illustrate color changes with changing [S]:[Se]. 

 

Dynamic light scattering measurement was performed using Zetasizer Nano ZS90 (Malvern, 

measurement range 0.3 nm-10.0 µm) on CZTSSe-1 precursor solution in Figure 2.5. The solution 

was stored in a sealed quartz cuvette for the measurement. No particles were detected, indicating 

the precursor is a pure solution. 

2.4.2 Versatility of Primary Amine-Monothiol  Solvent Mixtures 

The versatility of the developed primary amine-monothiol solvent mixture is exhibited in two 

aspects. 1) The primary amine-monothiol solvent mixtures can dissolve a variety of cation sources; 

2) The primary amine/s and monothiol/s with different carbon chain lengths can be used for this 

type of mixture.  

The examples shown in Figure 2.6 are solutions prepared by individually dissolving 0.6 mmol 

of Cu2O, ZnO, CuCl, CuCl2, ZnCl2, Cu(OAc)2, Cu(acac)2, Zn(OAc)2, SnCl2, and Sn(acac)2Cl2 in 

2-ml solvent mixtures of hexylamine and propanethiol (a volume ratio of 4:1). The metallic Zn 

solution is prepared by dissolving 1 mmol of Zn powder in a 2-ml solvent mixture of butylamine 
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and propanethiol (volume ratio 1:1). The dissolution process was performed at ambient temperature 

(25oC±2oC) in a N2 glovebox with < 0.1 ppm water and oxygen. All the chemicals were purchased 

from Sigma Aldrich and used without any further purification. 

 

 

Figure 2.6: a) Solutions of cation oxides and cation salts dissolved in hexylamine and 

propanethiol with a volume ratio of 4:1. The concentrations of all solutions are 0.3 M. b) Solution 

of metallic zinc in butylamine and propanethiol with a volume ratio of 1:1. The concentration of 

zinc solution is 0.5 M. 

  

Table 2.1 shows the combinations of primary amines and monothiols that have been used in the 

preparation of CZTSSe precursor solutions. Figure 2.7 presents the CZTSSe precursor solutions 

prepared by using the mixture of oleylamine and ethanethiol and the mixture of butylamine and 

propanethiol. In general, in the solvent mixture, the longer chain of the primary amine/monothiol 

is, the longer the dissolution time is at room temperature. Although primary amines and monothiols 

with different boiling points can be used as the solvents, the use of relative low boiling point amines 

and thiols (<250°C ) is necessary, in order to fabricate carbon-free thin films with no fine grains. 
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Table 2.1: Combinations of primary amine and monothiol for precursor preparation. 

 

√ : the combination can dissolve CuCl, ZnCl2, SnCl2, S, and Se with the solution condition of  

[Cu]:[Zn]:[Sn]:[S+Se] =1.53:1.05:1:4 and [Sn]=0.1 M; 

̶ : the combination cannot dissolve CuCl, ZnCl2, SnCl2, S, and Se with the solution condition of  

[Cu]:[Zn]:[Sn]:[S+Se] =1.53:1.05:1:4 and [Sn]=0.1 M; 

 

 

 

Figure 2.7: CZTSSe precursors prepared using oleylamine (OA) and ethanethiol (ET) (vol. ratio 

1:1) (left) and butylamine (BA) and propanethiol (PT) (vol. ratio 1:1) (right). In the above 

CZTSSe precursors, [Cu]:[Zn]:[Sn]:[S+Se] =1.53:1.05:1:4 and [Sn]=0.1 M. 
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2.4.3 CZTSSe Solar Cells Processed from Butylamine-Propanethiol Based Precursor Solutions 

CZTSSe molecular precursors were prepared as described in section 2.3.1 by mixing Solution 

A containing CuCl, ZnCl2, and SnCl2, with Solution B containing S, and Se dissolved in butyalmine 

and propanethiol (volume ratio 1:1) . Three precursor recipes employed were shown in Table 2.2. 

Figure 2.8a shows XRD patterns of the as-deposited and annealed precursor films which were 

prepared using Recipe 1 precursor solution. The room-temperature dried precursor film only shows 

four sharp peaks at low angles in XRD pattern, which do not match with any phases found in JCPDS 

inorganic material database. Single-crystal XRD analysis with assistance of solution chemistry 

analysis need to be used to identify the structure of the long-range order. Precursor films annealed 

at 220°C, 270°C, and 300°C show diffraction at 26.5°, 28.0° and 30.0° corresponding to (010), 

(002) and (011) planes of wurtzite CZTS. The size of CZTSSe nanoparticles formed at 220oC is 

10-20 nm based on Scherrer equation. Figure 2.8b illustrates the Raman spectrum collected from 

the precursor film annealed at 220°C. The peak at 336 cm-1 corresponds to wurtzite CZTS, while 

another peak at 225 cm-1 belongs to CZTSe.56 The shift of the A1 mode for CZTS and CZTSe was 

observed due to the coexistence of S and Se in the crystal lattice.45,50,56 XRD patterns in Figure 2.8a 

and c reveal that the precursor films prepared using all three recipes were converted into kesterite 

CZTSe large-grained films after selenization at 500°C for 20 min. No secondary phases have been 

detected.  

The morphologies of a precursor film and a selenized film prepared using Recipe 1 are shown 

in Figure 2.9. The cracks formed on the precursor film are attributed to the solvent evaporation 

during the annealing process. After selenization, a film composed of faceted grains with 0.5-1 µm 

diameters was obtained, indicating the grain growth occurred simultaneously with the phase 

transformation. The precursor film thickness was optimized by varying the total number of coatings. 

The solar cell efficiencies achieved from different precursor film thicknesses are summarized in 

Figure 2.10 It shows that a 4-layer coating results in much higher efficiencies than a 6-layer coating 



24 

 

followed by an 8-layer coating. After selenization, a film around 1 µm thick was obtained from the 

4-layer precursor film. This selenized film consists of a large-grained layer with a thickness of 720 

nm and a small-grained layer of 380 nm, shown in Figure 2.11a. The 6-layer precursor film resulted 

in an increased total film thickness compared to the case of 4-layer precursor film after selenization 

in the same condition. Unfortunately, the thickness of large-grained layer decreased, while the 

thickness of small-grained layer increased to >1 µm (Figure 2.11b). The recombination of electrons 

and holes in the small-grained layer is higher than that of the large-grained layer due to the 

increased number of grain boundaries. Therefore, the continual increase in precursor film thickness 

did not benefit the solar cell efficiencies, and the carrier collection became worse when the total 

film thickness was beyond ~1 µm. 

Table 2.2: Recipes of CZTSSe precursors based on butylamine-propanethiol solvent mixture. 

Precursor recipe [Cu]/[Sn] [Cu]:[Zn]:[Sn]:[S]+[Se] 

R1 1.45 1.45:1.05:1:4 

R2 1.76 1.76:1.05:1:4 

R3 2 2:1.05:1:4 

 

 

 

Figure 2.8: a) XRD patterns for CZTSSe precursor films annealed at different temperatures. The 

precursor films were prepared using Recipe 1 in Table 2.2. Note that the final annealing was 

performed under selenium atmosphere at 500°C for 20 min.  
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Figure 2.8: (Continued) b) Raman spectrum of the CZTSSe precursor film annealed at 220°C 

for 5 min. c) XRD patterns for the selenized films prepared using three recipes in Table 2.2.  



26 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Top-view SEM images of a) a precursor film prepared using Recipe 1 in Table 2.2, 

and b) film morphology after selenization.  

 

 

 

The solar cell efficiencies and key parameters of solar cells processed using different recipes 

are summarized in Figure 2.10 and Table 2.3. Comparing the solar cells processed from the 4-layer 

precursor films, it can be found that Recipe 1 results in the highest efficiency, followed by Recipe 

2, and then Recipe 3. So far, the highest PCE achieved using a solvent mixture of butyalmine-

propanethiol based CZTSSe molecular precursor is 3.66%. The J-V curve under AM 1.5 

illumination is shown in Figure 2.12. Note that the Voc of all devices (≤ 320 mV) is much lower 

than the Voc (370 mV ≤ Voc ≤ 430 mV) of CZTSSe thin film solar cells prepared using nanoparticle 

inks.3,34 The phase transformation from wurtzite to kesterite of CZTSSe during the selenization 

process may lead to the lower Voc observed. In particular, pinholes generated during the wurtzite-

kesterite phase transformation lead to a significant decrease in the shunt resistance, Jsc, and FF as 

reported in the study of Yang et al.37 
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Figure 2.10: Statistics of solar cell PCEs prepared using different precursor film thicknesses and 

recipes shown in Table 2.2. 

 

Table 2.3: Highest solar cell PCEs obtained from three recipes. 

Solution recipe 

Cu:Zn:Sn:S+Se 

Voc 

(mV) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

R1  1.45:1.05:1:4 320 30.5 37.8 3.66 

R2  1.76:1.05:1:4 270 26.1 43.8 3.04 

R3  2:1:1:4 190 30.3 33.6 1.80 
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Figure 2.11: Cross-sectional SEM images of device processed using Recipe 1 precursor. a) 4-

layer precursor film after selenization. The average total thickness is 1.1 µm. The thickness of the 

large grain layer (LG) is ~720 nm while that of the small grain layer (SG) is ~380 nm; b) 6-layer 

precursor film after selenization. The average total thickness is 1.50 µm. The thickness of LG is 

~330 nm while that of SG is ~1.2 µm. 

 

 

Figure 2.12: J-V curves of a CZTSSe device fabricated using precursor Recipe 1 in Table 2.2. 

The inset is a top-view SEM image of the selenized film. 
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2.4.4 CZTSSe Solar Cells Processed from Hexyamine-Propanethiol Based Precursor Solutions 

The hexylamine-propanethiol based precursor is prepared following the procedures described 

in section 2.4.1. After eight-spin coating step, a CZTSSe precursor film with a thickness of 800 nm 

to 1 µm was fabricated. The film shows good optical reflectivity after the solvent evaporation 

process, indicating a low film porosity (Figure 2.13). The top-view SEM image (Figure 2.14a) 

confirms that this film is smooth and continuous despite a few shallow cracks. EDX linescans were 

employed to measure the composition fluctuation at microscale within the CZTSSe precursor film. 

Figure 2.15 shows the elemental distributions of Cu, Zn, Sn, S, and Se across >10 µm on the top 

surface. In comparison to the hydrazine slurry-processed CZTSSe precursor film, a more uniform 

elemental distribution is obtained using this molecular solution method.40 Figure 2.14b is a typical 

cross-sectional SEM image of an 8-layer precursor film. It shows a uniform film structure 

throughout the film thickness.  

 

 

Figure 2.13: Images of a precursor film and the selenized film on a Mo-sputtered soda-lime glass 

substrate. 
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Figure 2.14: a) Top-view SEM image of the precursor film fabricated by spin-coating and 

subsequent annealing, and b) Cross-sectional SEM image of the precursor film. 

 

 

Figure 2.15: EDX linescan along precursor film surface (>10 µm scan) showing compositional 

uniformity. 

 

Grazing incident XRD was employed to measure the nucleated phase after low-temperature 

annealing at 250oC. As shown in Figure 2.16, all the XRD peaks are consistent with the kesterite 

CZTS standard with a very slight shift to lower angles, indicating the substitution of some Se atoms 
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at S positions. In order to get more insight into the phases present in the precursor film, Raman 

spectra were obtained with an excitation laser wavelength of 632.8 nm. In Figure 2.17a, the peaks 

at 334 cm-1, and 364 cm-1 correspond to kesterite CZTS, while peaks at 223 cm-1, 238 cm-1, and 

297 cm-1 correspond to sulfoselenide which contains both S and Se at the anion sites in the crystal 

lattice. The peak position and the details of peak fitting are shown in Figure 2.17b. This bimodal 

behavior in the Raman spectra has been previously reported for samples with intermediate values 

of [S]/([S]+[Se]), with similar peak broadening and position shifts as we report here.45,50,56 

In summary, four objectives have been achieved using this newly developed CZTSSe molecular 

precursor: (1) four to five cations/anions were dissolved at significant concentrations to obtain the 

above molecular precursor; (2) the precursor solution remained stable, allowing the deposition of 

compositionally homogeneous precursor films; (3) the choice of the specific amine-thiol mixture 

and subsequent drying process enabled the formation of continuous and smooth precursor films; 

(4) the kesterite CZTSSe phase was obtained after the solvent evaporation process.  

Based on the SEM-EDX analysis (see Table 2.4), the film contains copper, zinc, tin, sulfur, 

selenium, and trace chloride. The concentration of chloride ions dropped to a very low level in the 

as-annealed precursor film. It has been demonstrated that a higher temperature annealing (e.g. 

≥300oC) can decrease the concentration of chloride in the precursor film below the detection limit 

of EDX. The chlorine ions may leave the film in various forms, such as chlorine gas, Se2Cl2 (boiling 

point at 127oC) and/or SeCl4 (sublimes at 191.4oC). The disassociation mechanism of the chloride 

ions deserves further study. After the film deposition and solvent evaporation/annealing steps, the 

films contain a combination of CZTSSe nanoparticles and amorphous phases, which has been 

confirmed by the characterization on precursor film deposited on Si3N4 grid using HRTEM. 
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Figure 2.16: XRD patterns of the precursor film and the selenized film. The standards of kesterite 

CZTSe (space group: 𝑰𝟒 , JCPDS 01-070-8930) and CZTS (space group: 𝑰𝟒 , simulated pattern 

based on JCPDS 01-75-4122) are marked at the bottom of the plot. 

 

Figure 2.17: a) Raman spectra of the precursor film and the selenized film. The Raman standards 

for CZTS and CZTSe are labeled at the bottom.2,56-58  

(a) 
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Figure 2.17: (Continued) Fitted curves of Raman spectra in a). 

 

The selenization was performed at 500oC for 30 min under saturated selenium atmosphere in a 

tube furnace with a constant Ar flow at 10 sccm. After selenization, the film converted into a high-

crystallinity CZTSSe thin film, as shown in Figure 2.18. The top-view SEM image in Figure 2.18 

shows a typical microstructure, which consists of a high-density film with a rough, highly facetted 

surface, and an average in-plane grain size of approximately 600 nm.  The fractured cross-section 

of a full device in Figure 2.18b shows that the fine-grained layer near the molybdenum substrate is 

much thinner (< 150 nm) compared to those created by other direct solution methods.43,50,52 

 

Figure 2.18: a) Top-view SEM image of large-grain selenized film, and b) fractured cross-section 

of the CZTSSe device prepared following procedures described in Section 2.3.4. 
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The XRD pattern in Figure 2.16 indicates the formation of a high-crystallinity kesterite CZTSSe 

film, with a small amount of S substituting for Se. In the corresponding Raman spectrum (Figure 

2.17), peaks at 174 cm-1, 197 cm-1 (A1 mode), 234 cm-1, and 244 cm-1 refer to kesterite CZTSe, 

while the peak at 330 cm-1 refers to kesterite CZTS. Although the peak at 252 cm-1 might indicate 

the presence of ZnSe in the selenized film, the ZnSe phase should not contribute to the spectra 

under a 633 nm laser excitation.57,58 Since XRD and Raman spectroscopy with 633 nm laser 

excitation cannot totally rule out the existence of secondary phases (e.g. ZnS/ZnSe), other 

characterization techniques are required for more accurate phase identification (e.g. Raman 

spectroscopy with 325 nm laser excitation).  

Focused ion beam milling (FIB) was used to prepare a cross-section of a CZTSSe solar cell and 

then SEM-EDX mapping was performed on this cross-section. The compositional uniformity of 

Cu, Zn, Sn, S, and Se in the absorber thin film is confirmed by the elemental mapping in Figure 

2.19. A SEM-EDX linescan (Figure 2.20) on the fractured cross-section also indicates no phase 

separation can be observed in CZTSSe film. As shown in Table 2.4, the composition of the 

selenized film is Cu1.73±0.01Zn1.07±0.01Sn1(S,Se)4.43±0.02, and the concentration ratio of 

[S]/([S]+[Se])=0.08. 

 

 

Table 2.4 Compositions of precursor film and selenized film. 

 

 
Atomic ratio Solution Precursor 

film 

Selenized 

film [Cu]/[Sn] 1.53 1.62±0.02 1.73±0.01 

[Zn]/[Sn] 1.05 1.06±0.02 1.07±0.01 

[S]+[Se]/[Sn] 4 4.27±0.01 4.43±0.02 

[Cl]/[Sn] 5.63 0.3±0.01 - 
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Figure 2.19: EDX mapping of the CZTSSe device. A platinum coating was employed to protect 

the film during the preparation of FIB-cross section. 
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Figure 2.20: SEM-EDX linescan on a fractured cross-section of CTZSSe thin film solar cell. The 

accelerating voltage of electron beam is 10 kV. 

 

The photovoltaic performance of the solar cells prepared using the aforementioned precursor 

route was measured under standard AM1.5 illumination. Figure 2.21 shows the current density-

voltage (J-V) curves based on a total cell area of 0.47 cm2. The solar cell has a total area power 

conversion efficiency of 7.86 % (8.09% for an active area of 0.456 cm2) with Voc=382 mV, Jsc=34.4 

mA/cm2, and fill factor=60.1%. For further insight into device performance, external quantum 

efficiency (EQE) response was measured at 0 V and -1 V (Figure 2.22). For both measurements, 

the EQE is >95% in the visible range and gradually decays in the longer wavelengths. The 

collection efficiency at the longer wavelength range is more likely limited by the low carrier 

lifetime, which is confirmed by the measurement of EQE (-1 V)/EQE (0 V) ratio. The linear 

increase of EQE (-1 V)/EQE (0 V) ratio at longer wavelength indicates that when the depletion 

width is increased, the collection efficiency is increased. The low lifetime could be a result of a 

high defect density in the bulk material.18,59-62 The bandgap of the CZTSSe film is estimated based 

on the plot of [ln(1-EQE)]2  versus the photon energy, as well as the inflection of the EQE curve 
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(i.e. the peak of the dEQE/dE curve, where E=hc/λ) (inset in Figure 2.22). The two estimation 

methods result in the same bandgap value of 1.08 eV. This low bandgap value should be attributed 

to a high Se concentration in lattice after selenization, which is shown in the film composition in 

Table 2.4.  

 

 

Figure 2.21: J–V curves and performance parameters for the best performing cell in the dark and 

under AM1.5 illumination. The dotted line shows the dark current density, while the solid line 

represents the light current density. The series resistance and shunt resistance under light are 

listed. The inset is the final device. 
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Figure 2.22: EQE measurement of 7.86% device under 0 V and -1 V bias. The inset shows the 

band gap estimated using [ln(1-EQE)]2  versus the photon energy as well as the inflection of the 

EQE curve. The estimated band gap is 1.08 eV. 

 

2.4.5 Optimization of Cu Concentrations 

It has been well-known that the concentration of copper ions relative to other cations is critical 

to bulk defect densities (e.g., [2CuSn +SnZn] and [VCu+ZnCu]) and the propensity for secondary phase 

formation in CZTSSe.2,21-23 This section reviews the film quality and solar cell performances 

processed from precursor solutions with different [Cu]/[Sn] ratios.  

Table 2.5 shows the four recipes with different ratios of [Cu]/[Sn] ranging from 1.45 to 1.74. 

Figure 2.23 and Figure 2.24 show the GIXRD patterns and Raman spectra of the precursor films 

and the corresponding selenized films, respectively.  
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Table 2.5: Recipes of CZTSSe precursor solutions with different [Cu]/[Sn] ratios. 

 

For the precursor films processed using four different [Cu]/[Sn] ratios, a kesterite CZTS phase 

(with some replacement of Se at S sites) was detected using both XRD and Raman techniques. 

Based on the XRD patterns (Figure 2.23a), there was no CuS, Cu2-xS, wurtzite ZnS, SnS, Sn2S3, or 

SnS2. The first three high-intensity peaks of zinc-blend ZnS may overlap with the peaks of kesterite 

CZTS phase due to the peak broadening effect of low-crystalline films. However, peaks at 33.5° 

and 77.8° are not present in XRD patterns, revealing that the possibility of its existence is low. For 

cubic Cu2SnS3, since most of its peaks overlap with kesterite CZTS, it is difficult to distinguish 

them only based on XRD. But it should be pointed out that the distinguishable peak at 32.9° from 

Cu2SnS3 was not observed for any [Cu]/[Sn] ratio. Although Raman spectra (Figure 2.23b) show 

slight changes in relative peak intensities and fitting peak positions in sulfoselenide peaks between 

200 cm-1 and 250 cm-1 as Cu concentration increases, there is no clear trend observed. It is well-

known that the typical Raman spectra for CZTS are 288±2 cm-1, 338±1 cm-1, and 368±2 cm-1. 

However, the peak at ~297 cm-1 shows up for all recipes under Raman measurement. The peak at 

~297 cm-1 also has been reported in the study of Mitzi et al., in which a pure CZTS thin film was 

prepared using a hydrazine-based precursor.45 There are three hypotheses about this peak. Firstly, 

this peak may correspond to some metal complexes with metal-sulfur bonds. Secondly, Since there 

is ~20% Se existing in the precursor film, a shift in the characteristic peaks of CZTS may occur 

according to some reports about Raman study of Cu2ZnSn(SexS1-x)4 . In the study of Grossberg et 

al., Raman spectra of Cu2ZnSn(SexS1-x)4  thin films with varied x values are plotted. For example, 

the A1-mode peak (338 cm-1) shifts to the left when x increases from 0 to 0.26 and the A1-mode 

Precursor 

recipe 
[Cu]:[Sn] [Cu]+[Zn]:[Sn] [Cu]:[Zn]:[Sn]:[S]+[Se] 

R1 1.45 0.7 1.45:1.05:1:4 

R2 1.53 0.75 1.53:1.05:1:4 

R3 1.64 0.8 1.64:1.05:1:4 

R4 1.74 0.85 1.75:1.05:1:4 
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peak also starts to broaden.56 Therefore, the peak at ~297 cm-1 might show up due to the shift and 

broadening effect in the sulfoselenide thin films. Third, in the studies of Miskin et al. and Yang et 

al., the CZTS nanoparticles synthesized have a Raman peak between 288 cm-1 and 303 cm-1. Their 

explanation is that both kesterite CZTS and tetragonal/cubic Cu2SnS3 (CTS) may contribute to this 

peak at ~297 cm-1.34,48  

Figure 2.24 and Figure 2.25 show SEM images, GIXRD patterns, and Raman spectra of 

selenized films prepared from precursors using different [Cu]/[Sn] ratios. The kesterite 

sulfoselenide phase was obtained for all solution conditions. For the films processed using Recipe 

1 and Recipe 4, the morphology of the final films is the same after selenization.  It should be noted 

that the selenized films became less copper-poor compared to the starting precursor solutions due 

to the loss of tin during heat treatment. This phenomenon has been shown in Table 2.4. In order to 

achieve the ideal copper-poor zinc-rich condition in resulting films, the [Cu]/[Sn] ratios in 

precursors were adjusted to lower values than target values. For example, precursor solutions with 

[Cu]/[Sn]=1.45 and 1.53 were chosen to process films with target ratios as ~1.76 and ~1.80. Since 

no significant amounts of secondary phases were observed, it is believed that the changes in 

[Cu]/[Sn] ratio within 1.45~1.74 range was accommodated by changes in bulk defect 

concentrations rather than by the formation of secondary phases during the annealing and 

subsequent selenization. 
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(b) 

(a) 

Figure 2.23: a) XRD and b) Raman spectra of precursor films prepared after annealing. The 

solvents used in precursors are hexylamine and propanethiol. 
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Figure 2.24: a) XRD and b) Raman spectra of CZTSSe films prepared from molecular precursors 

with different [Cu]/[Sn] ratios.  

 

 

Figure 2.25: Selenized film processed using Recipe 1 (left) and Recipe 4 (right) 

corresponding to [Cu]:[Zn]:[Sn]=1.45:1.05:1 and 1.76:1.05:1, respectively. 
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Solar cells were fabricated using the aforementioned four precursor recipes and the total area 

power conversion efficiencies (PCEs) on a total cell area of 0.47 cm2 were measured under standard 

AM1.5 illumination. The characteristics of the champion cells and the average total area PCEs with 

standard deviations for four precursor recipes are summarized in Table 2.6 and Figure 2.26, 

respectively. At least six device measurements contributed to the data point for each precursor 

recipe. It should be noted that devices prepared from Recipe 1 and Recipe 2 precursor solutions 

were coated with antireflective coatings, while devices prepared from Recipe 3 and Recipe 4 

precursor solutions were not coated. The use of antireflective coatings did not influence the trend.  

In general, solar cells processed using Recipe 2 have the highest PCEs (> 7%). The increased 

concentration in Cu in Recipe 3 and Recipe 4 resulted in decreased PCEs. The concentrations of 

mid-bandgap antisite defects, such as CuSn and CuZn, should be high in both cases, leading to high 

recombination rates inside the bulk materials. The EQE in Figure 2.27 shows that the life time of 

carriers in the cell processed using Recipe 3 is generally poorer than the cell processed using Recipe 

1, especially in the longer wavelength range. The high recombination rate in the bulk directly limits 

the carrier collection. Solar cells processed from Recipe 1 demonstrated relatively good PCEs (> 

6.5%). The possible bulk defects and phase segregation due to the deviation from stoichiometry 

might have caused lower PCEs compared to cells processed using Recipe 2. 

 

Table 2.6: Device characteristics of CZTSSe cells. 

Solution recipe 

[Cu]:[Sn] 

Voc 

(mV) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

R1      1.45:1 381 34.1 58.4 7.24* 

R2      1.53:1 382 34.4 60.1 7.86* 

R3      1.64:1 367 31.4 55.5 6.34 

R4      1.74:1 270 30.0 30.7 2.47 

                 For a total area of 0.47 cm2. * With an antireflective coating. 
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Figure 2.26: Statistics of the total area PCEs of CZTSSe solar cells prepared using four precursor 

solution recipes. 

  

 

Figure 2.27: EQEs for three devices processed from three recipes. 
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2.4.6 Solar Cells Processed from Different Metal Salts 

During the development of CZTSSe precursor solutions, different metal cation sources were 

employed.  This section presents CZTSSe solar cells prepared using a precursor solution containing 

CuCl, ZnCl2, and Sn(acac)2Cl2 and a precursor solution containing Cu(II)Cl2, ZnCl2, and SnCl2.  

2.4.6.1 Solar Cells Processed from CuCl, ZnCl2, and Sn(acac)2Cl2 Precursor Solution 

In the lattice of kesterite CZTSSe structure, Sn should have the valence of 4+. The addition of 

Sn4+ rather than Sn2+ is preferred in order to maintain its valence in the lattice. The molecular 

precursor with [Cu]:[Zn]:[Sn]=1.45:1.05:1, [Sn]=0.1 M was prepared following the procedures in 

section 2.4.1. The XRD patterns in Figure 2.28a show that the kesterite CZTS phase formed after 

solvent evaporation/annealing step, while the kesterite CZTSSe phase was obtained after 

selenization. Large grains are formed from the precursor film after selenization as shown in Figure 

2.28b. It should be noted that when the precursor solution with [Cu]:[Sn]=1.45:1 (Recipe 1 in Table 

2.5) was adopted, the composition of the resulting film was [Cu]:[Sn]=2:1 based on EDX 

measurement. This means 27.5% of initial Sn has been lost during the annealing and subsequent 

selenization. The amount of Sn loss is twice the amount when SnCl2 is used as the Sn source in the 

precursor solution. Therefore, when Sn(acac)2Cl2 is used as the Sn source, it is necessary to either 

increase the concentration of Sn relative to Cu in the precursor solution or change the 

annealing/selenization environment to reduce Sn loss in order to create the desired [Cu]/[Sn] ratio 

in the final film. 

The J-V characteristic of a solar cell and the key parameters of six cells processed using the 

Sn(acac)2Cl2-containing precursor are shown in Figure 2.29 and Figure 2.30, respectively. The solar 

cell PCEs are lower than the PCEs obtained when SnCl2 used as the Sn source. The low Voc of six 

cells (250~270 mV) directly limits the solar cell performance. Two factors resulted in the low Voc. 

First, the precursor film deposited using Sn(acac)2Cl2-containing precursor is much rougher than 
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the precursor film prepared using SnCl2-containing precursor. The high roughness increases the 

propensity for pinhole formation during selenization process. Second, the high Cu concentration, 

[Cu]:[Sn]=2:1,  in the final film increases the concentrations of mid-bandgap trapping levels and 

the propensity to form low-bandgap secondary phases.  

 

 
 

Figure 2.28: a) XRD patterns of the precursor and selenized CZTSSe thin films processed using 

precursor solution with CuCl, ZnCl2, and Sn(acac)2Cl2 in hexylamine and propanethiol (vol. ratio 

as 4:1). The standards of kesterite CZTSe (space group: 𝑰𝟒 , JCPDS 01-070-8930) and CZTS 

(space group: 𝑰𝟒 , simulated pattern based on JCPDS 01-75-4122) are marked at the bottom of the 

plot. The annealing and selenization condition were the same as those reported in the manuscript. 

b) SEM image of selenized film processed using the above precursor solution. 

(a) 

(b) 
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Figure 2.29: J–V curves and key parameters for the best performing cell in the dark and under 

AM1.5 illumination. The dotted line shows the dark current density, while the solid line 

represents the light current density.  
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2.4.6.2 Solar Cells Processed from CuCl2, ZnCl2, and SnCl2 Precursor Solution 

Based on mass spectrometry analysis, the solvent mixture of primary amine and monothiol can 

reduce Cu2+ to Cu+ during the dissolution. To test if CuCl2 is a good Cu source, a precursor solution 

containing dissolved CuCl2, ZnCl2, SnCl2, S, and Se was prepared, following the procedures 

described in section 2.4.1. In the precursor, [Cu]:[Zn]:[Sn]=1.54:1.05:1 and [Sn]=0.1 M. As shown 

in the XRD pattern and Raman spectra (Figure 2.31), kesterite CZTSSe was obtained after the 

solvent evaporation and selenization process. The J-V characteristics and key parameters of six 

cells are shown in Figure 2.32 and 2.33. Although perfect kesterite CZTSSe was formed after 

selenization, the solar cell performance is not comparable to that of solar cells processed from 

typical precursors using CuCl as the Cu source. The reasons why requires more studies regarding 

how the relative concentrations of different copper complexes that formed in the precursor solution 

c

) 

d

) 

a

) 

Figure 2.30: Solar cell performance of the six cells on the same one-by-one inch 

substrate. a) PCE, b) Voc, c) Jsc, and d) FF. 

c) 

a) b) 

d) 
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can influence the film quality, and how the extra chloride ions affect the electronic defects in the 

bulk material.  

 

 

Figure 2.31: a) XRD patterns and b) Raman spectra of precursor and selenized film processed 

from CuCl2, ZnCl2, and SnCl2 precursor solutions. 

a) 

Tungsten 
peak 

b) 
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Figure 2.32: J–V curves and performance parameters for the best performing cell in the dark and 

under AM1.5 illumination. The dotted line shows the dark current density, while the solid line 

represents the light current density. The series resistance and shunt resistance under light are 

listed. The inset is the final device. 
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Figure 2.33: Solar cell performance of the six cells on the same one-by-one inch substrate. a) 

PCE, b) Voc, c) Jsc, and d) FF. 
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2.5 Conclusion 

This chapter presents a versatile molecular precursor route to CZTSSe thin film solar cells. The 

precursor solutions are composed of dissolved metal salts and elemental chalcogens in a mixture 

of a primary amine and a monothiol. The versatility of this molecular precursor route has been 

demonstrated in three aspects: 1) pure solutions can be obtained by dissolving different types of 

cation and anion sources in the amine-thiol solvent mixtures. 2) amine/s and thiol/s employed in a 

solvent mixture can be any type of primary amine and monothiol, offering the flexibility to change 

the dissolution process, film fabrication process, and film morphology. 3) cation-to-anion and 

anion-to-anion ratios can be adjusted freely and independently. The most-studied molecular 

precursor is prepared by dissolving CuCl, ZnCl2, SnCl2, S, and Se in a mixture of hexylamine and 

propanethiol (vol. ratio 4:1). After the deposition and the annealing processes, kesterite CZTS 

phase has been formed with no secondary phases detected. The kesterite CZTS was converted into 

a highly-crystalline CZTSSe phase during the selenization. The homogeneity of this precursor 

solution ensures the phase purity, the composition uniformity of the final film, and in turn a good 

solar cell performance. With this molecular precursor route, a power conversion efficiency of 7.86% 

(8.09%) has been achieved for a total area of 0.47 cm2 (an active area of 0.456 cm2) under AM 1.5 

illumination. The further optimization of the precursor composition, annealing temperature, and 

selenization condition should result in higher PCEs. 
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CHAPTER 3. MICROSTRUCTURAL EVOLUTION DURING ANNEALING AND 

SELENIZATION 

3.1 Introduction 

Heat treatment including annealing and selenization of precursor films is a crucial procedure to 

fabricate electronic-quality CZTS/CZTSSe/CZTSe absorbers. The resulting large-grained structure 

is desired for the photovoltaic application. Although phase formation and grain growth during the 

selenization have been investigated by several studies for the colloidal routes,63,64 the similar studies 

has not been performed for the molecular precursor routes. In this study, the structure of the as-

annealed precursor film is characterized using high resolution transmission electron microscopy 

(HRTEM). The phase and microstructural evolution during the selenization is investigated by 

selenizing precursor films for different periods of time at the same conditions. The film structures, 

compositions, and phases formed at different selenization periods are examined using SEM 

equipped with EDX, XRD, and Raman spectroscopy. The corresponding solar cell performances 

are also reported with the microstructure characterization.  

3.2 Experimental Section 

To study the microstructure of the as-annealed precursor film, a diluted CZTSSe precursor 

solution was drop-cast as a thin layer on a Si3N4 TEM grid and then annealed at 250°C for 5 min. 

The CZTSSe precursor solution was diluted to 1/60 of the original concentration using the same 

solvent mixture of hexylamine and propanethiol (volume ratio 4:1). The films were analyzed in a 

probe-corrected TEM (Titan, 300kV). 
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To study the phase evolution of CZTSSe precursor films during the selenization process, films 

processed in the same conditions were selenized at different times: 5 min, 10 min, 20 min, and 30 

min. The preparation of precursor solutions and precursor films was described in section 2.3.1 and 

2.3.2., and the selenization setup was presented in section 2.3.3.  

After the selenization process, each sample was separated into two pieces. The smaller one was 

used for morphology and structure characterization, while the larger one was fabricated into solar 

cells. The morphology and composition were characterized using SEM equipped with SDD-EDX 

detector. The phase/s were identified using GIXRD and Raman technique.  The solar cells were 

fabricated following the same procedures described in section 2.3.4 and the solar cell efficiencies 

were measured under the calibrated solar simulator. The correlation between the characteristics of 

the absorber layers and the solar cell performance was established for each interval of selenization.  

3.3 Results and Discussion 

3.3.1 Microstructure of Precursor Films 

The annealed precursor film was characterized under probe-corrected TEM at 300kV. Figure 

3.1 shows that the precursor film is composed of small nanoparticles and amorphous materials after 

being annealed at 250°C for 5 min. The average size of the nanoparticles ranges from 1 to 4 nm. 

The size distribution of these in-situ formed nanoparticles is much smaller than that of nanoparticles 

synthesized from heated solutions with ligands.3,34  
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3.3.2 Phase Transformation during Selenization 

The top-view and cross-sectional SEM images of CZTSSe films selenized at different times are 

shown in Figure 3.2. After 5 min selenization, a number of sharp-angled crystals with average size 

of ~200 nm formed at the film surface. The thickness of this large-grained layer is about 200-300 

nm. After 10 min selenization, the size of large crystals increased significantly and the number of 

crystals dropped concurrently. The average size of grains is >500 nm. Based on Figure 3.2f, about 

half of the film has been converted into a large-grained layer. The fine-grained layer was consumed 

by the growth of large-grained layer, meaning it supplied cations to the growth of CZTSe large 

grains. As the films were selenized for a longer period of time (20 and 30 min), the polyhedron-

shaped grains developed rounded corners, but the size of the grains did not change noticeably. A 

comparison between the top-view SEM images in Figure 3.2c and d, and cross-sectional SEM 

images in Figure 3.2g and h, revealed that the film roughness was decreased and the continuity was 

improved after selenization beyond 20 min. In addition, the large-grained layer is prevented from 

growing thicker, indicating cations were depleted in the fine-grained layer at the bottom.

Figure 3.1: TEM images of the annealed precursor film. The scale bar on left image is 5 

nm and the scale abr on the right image is 2 nm. 

2 nm 5 nm 



 

 

5
6
 

 

 

 

 

Figure 3.2: Top-view and cross-sectional SEM images of CZTSSe films selenized after 5 min, 10 min, 20 min, and 30 min. The scale bar is 1 

µm for a)-d) and 500 nm for e)-h.
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Since the selenization involves the reaction between the selenium vapor/condensed liquid phase 

of selenium and the solid phases in the precursor film, the phase transformation was taking place 

while the morphology of grains was changing. The phase evolution during the same selenization 

process was tracked using GIXRD and Raman spectroscopy on the as-selenized films. Figure 3.3a 

shows the GIXRD patterns from CZTSSe films selenized for 5 min, 10 min, 20 min, and 30 min, 

and Figure 3.3b shows the magnified views of the reflections corresponding to (112), (220)/(024), 

(132)/(116) planes. After 5-min selenization, the peaks of (112), (220)/(024), and (132)/(116) 

became much sharper compared to the peaks shown on GIXRD pattern of the precursor film (Figure 

2.16).  Continual selenization further improved the size and the crystallinity of CZTSSe grains. As 

shown in Figure 3.3b, films selenized for 10 min, 20 min, and 30 min exhibit smaller full width at 

half maximum (FWHM) on major peaks in contrast to films selenized for 5 min. The diffraction 

peaks corresponding to (110), (103), and (105) planes are clearly resolved in the GIXRD patterns 

of films selenized beyond 5 min. Note that the large-grained layer is the main contributor to the 

intensity in XRD, and thus the GIXRD patterns mainly represent the phase changes of the large-

grained layers in those samples. As shown in Figure 3.3b, the reflection peaks of (112), (220)/(024), 

and (132)/(116) from films selenized at different periods of time appear between the corresponding 

peaks of kesterite CZTS and kesterite CZTSe phase, indicating the formation of kesterite CZTSSe 

in all cases. With the increase of selenization time, a linear shift of those peaks toward a lower 2-

theta angle was observed, indicating Se atoms substituted for S atoms in the lattice during the 

selenization. This result has a good agreement with Vegard’s law, illustrating a linear relation 

between the lattice parameters and the Se/S ratios.65  

Owing to its high sensitivity to a small amount of materials, Raman spectroscopy was employed 

to examine the phase evolution process as a complementary characterization technique. In addition, 

since the penetration depth of 633 nm-laser on CZTSSe is about 200 nm, the characterization 

represents the changes at the top surface. Figure 3.4 shows the Raman spectra of as-selenized 
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samples after different periods of time. The sulfoselenide phase was detected after 5-min 

selenization, while the sulfoselenide phase converted into selenide phases when selenization was 

beyond 5 min. This means the phase transformation started at the surface and gradually extended 

into the film.  Herein, “sulfoselenide” means in the formula of Cu2ZnSn(S1-x Sex)4, 0.1≤x≤0.9, and 

“selenide” means in the formula of Cu2ZnSn(S1-x Sex)4, x≥0.9.  

The composition profiles of the films selenized for different periods of time were characterized 

in SEM equipped with SDD-EDX detector. The truelines generated by Aztec software are plotted 

to show the relative concentration of Cu, Zn, Sn, S, Se, Mo, and C along the film thickness. As 

shown in Figure 3.5a, Se vapor penetrated the whole precursor film as early as 5-min selenization. 

In the fine-grained layer, the concentration of Se is higher near the front of the large-grained layer, 

and gradually decreases toward the Mo substrate interface. The perturbations in Cu, Zn, Sn and Se 

profile correspond to the large grains formed on the top of the film. After 10 min-selenization, the 

Se profile changed significantly. The Se profile shows a higher concentration in the fine-grained 

layer than in the large-grained layer.  The concentration of the Cu, Zn, Sn and S are uniformly 

distributed inside the large-grained layer. However, the Cu, Zn, Sn, and S show gradients inside 

the fine-grained layer, having a higher concentration from the side close to the large-grained layer 

to a lower concentration at the Mo substrate-interface. It is interesting that the positions where the 

cation concentrations are low correspond to the positions where Se concentrations are high in the 

fine-grained layer. After 20-min and 30-min selenization, Cu, Zn, Sn, and S are still uniformly 

distributed in the large-grained layers, while those elements are depleted from the fine-grained 

layers. The changes in the concentration profiles of the cations indicate the diffusion of Cu, Zn, and 

Sn from the fine-grained layer to the large-grained layer during the selenization process. The 

composition fluctuation in the large-grained layers selenized after 30 min is smaller compared to 

the film selenized after 20 min, meaning that the composition was homogenized during the extra 

10-min heat treatment. The C distributions are very uniform in those films processed from 
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molecular precursors in contrast to the films processed from colloidal inks.44 Compared to the long-

chain ligands used for stabilizing nanoparticles in colloidal inks, the low-boiling point solvents in 

the precursors were easily removed after annealing and subsequent high-temperature selenization.  

To sum up the above phenomena, i) large selenide grains first nucleated at the top surface of the 

precursor film, then the large grains then grew downward to form the large-grained layer; ii) the 

fine-grained layer kept shrinking due to the out diffusion of Cu, Zn, and Sn to the large-grained 

layer; iii) the phase transformation of sulfoselenide into selenide phase happened as the 

microstructure was changing; iv) there are three stages during the selenization: stage 1 (within 5 

min) which is dominated by the process of nucleation and grain growth, stage 2 (between 10 min 

to 20 min) which is dominated by the grain growth and coalescence, and stage 3 (beyond 20 min) 

which is dominated by the densification; v.) the presence of low-temperature Cu-Se phase66 and 

the liquid phase-assisted reaction67 may contribute to the fast grain growth of CZTSSe and lead to 

the formation of the fine-grained layer. The schematic of this process is presented in Figure 3.6. 

The Se-influenced layer is where Se has penetrated and condensed. According to relevant literature, 

the cations, especially Cu, have the highest solubility in condensed liquid Se. Therefore, the cations 

can be transported by a liquid pathway from the fine-grained layer to the growth front of the large-

grained layer. It should be noted that the fine-grained layer formed after 30-min selenization is rich 

in selenium, but depleted in other cations, as shown in Figure 3.5d. The condensed liquid selenium 

might be trapped by the densified large-grained layer during the final stage of reaction. In another 

quick experiment, a single layer of precursor layer is applied on the substrate. Since the large-

grained layer formed from this single precursor layer is not continuous, no fine-grained layer was 

observed in the final structure. The porous large-grained layer allowed Se to escape during the 

cooling process. 
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3.3.3 Solar Cell Performance  

Table 3.1 shows the efficiencies and typical characteristics of solar cells fabricated from the 

films selenized for different periods of time. In general, the Voc, Jsc, and FF were improved with the 

selenization time within 30 min. The Voc shows the highest value after 20-min selenization, while 

Jsc and FF show the highest value after 30-min selenization.  Those changes correspond to the 

changes in the microstructure and compositions of the selenized films.  In contrast to film selenized 

for 5 min, the thickness of the fine-grained layer shrunk significantly, while the thickness of the 

large-grained layer increased after 10-min selenization. The series resistance decreased due to the 

changes, and contributing to the doubled Jsc as well as increased Voc. The highest Voc is achieved 

after 20-min selenization, which might be attributed to the higher S concentration in this film 

compared to the film selenized for 30 min. The FF also was improved during the selenization, 

especially during the subsequent 10-min selenization after 20 min. The improved composition 

fluctuation and continuity of the large-grained layer improved the FF. Low-temperature post-

annealing and the elimination of Se-rich fine-grained layer might further improve the efficiencies 

by decreasing the detrimental defect densities and series resistance.  

 

Table 3.1: Device characteristics of CZTSSe cells. 

Selenization 

time (min) 

Voc 

(mV) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

5 300 14.4 34.0 1.48 

10 360 26.1 42.4 4.02 

20 400 29.1 55.9 6.55 

30 382 29.9 59.9 6.77 
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Figure 3.3: a) GIXRD patterns of films selenized for 5 min, 10 min, 20 min, and 30 min (bottom 

to top). b) magnified diffraction peaks from (112), (220)/(024), and (132)/(116) planes, which are 

three major XRD peaks from the kesterite structure. The purple lines show the standard peak 

position of kesterite CZTSe phase (JCPDS 01-070-8930) and the bright pink lines show the 

simulated standard peak position of kesterite CZTS phase (JCPDS 01-75-4122). 

 

a) 

b) 
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Figure 3.4: Raman spectra of the films selenized for 5 min, 10 min, 20 min, and 30 min. The 

purple lines show the standard peak position of kesterite CZTSe phase (JCPDS 01-070-8930) and 

the bright pink lines show the simulated standard peak position of kesterite CZTS phase (JCPDS 

01-75-4122). 
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Figure 3.5: SEM-EDX linescans on cross-sections of films selenized for 5 min, 10 min, 20 min, and 30 min. 
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Figure 3.6: Schematic process of selenization.  
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3.4 Conclusion 

After the annealing process, the precursor film deposited from CZTSSe molecular precursor 

converts into films composed of in-situ formed nanoparticles and amorphous materials. During the 

selenization, large grains grow by consuming those nanoparticles in the precursor films. The large 

grains first nucleate from the top of the precursor film, and then grow downward. The typical 

selenized structure contains a CZTSSe (mainly CZTSe) large-grained layer and a Se-rich fine-

grained layer at the bottom. The liquid-phase assisted grain growth is expected to take place during 

the selenization based on three facts: 1) the rapid cation transportation from the precursor film to 

the reaction front leads to fast grain growth; 2) the maxima of Se concentration profile corresponds 

to where the large-grained layer ends; 3) a huge amount of Se is detected in the fine-grained layer 

formed after 30-min selenization. It is proposed that the liquid-phase Se condenses from the 

saturated vapor at small pores between the in-situ formed nanoparticles. Then, the liquid phase 

dissolves the unstable nanoparticles and serves as the mass transportation channels for the grain 

growth at the reaction front. During the stage of film densification and sample cooling, the densified 

large-grained layer traps the liquid-phase Se at the bottom, and thus a Se-rich fine-grained layer 

forms. Since the molecular precursor-processed films do not suffer from C contamination, it has 

been demonstrated that the Se condensation does not correlate to the segregation of C species in 

films. This study provides insights into phase transformation and microstructural evolution of the 

molecular precursor-processed CZTSSe thin films, and initiates the further optimization in heat 

treatment for high-quality films. 
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CHAPTER 4. DEPOSITION OF METAL CHALCOGENIDE THIN FILMS USING METAL-

METAL CHALCOGENIDE PRECURSOR SOLUTIONS 

4.1 Introduction 

Metal chalcogenides, such as Cu2S, Cu2Se, CuS, CuSe, SnS, SnSe, ZnS, ZnSe, Cu2Sn(SxSe1-x)3, 

(0≤x≤1) (CTSSe) and Cu2ZnSn(SxSe1-x)4 (0≤x≤1) (CZTSSe) are important semiconductor 

materials receiving substantial research attention. For example, Cu2S, Cu2Se, SnS, and CZTSSe, 

are widely studied for photovoltaic applications due to their suitable band gaps, high light 

absorption coefficients, and earth-abundance.3,33,68-72 ZnS and ZnSe with different nanostructures 

have been synthesized for light emitting diodes,73,74 transparent conductive electrodes,75 and 

piezoelectrics.76,77 Also, the thermoelectric properties of Cu2-xSe, SnSe, and CZTSSe are recently 

investigated by many research groups.78-80 The present electronics industry trends to lower 

manufacturing costs and to create wearable and flexible electronic devices, call for methods 

allowing inexpensive and low-temperature roll-to-roll printing of semiconductor thin films on large 

areas.  Compared to vacuum-based deposition methods (e.g. CVD, PVD, co-evaporation, and co-

sputtering) which require significant capital equipment and complex procedures, the direct solution 

processing of the metal chalcogenide thin films/nanostructures has great potential to fulfill these 

requirements. However, the extremely low solubility of the metal and chalcogenide sources in most 

of common solvents, coupled with impurity contamination derived from the element sources and 

solvents, have previously slowed down the development of direct solution methods. To date, the 

most successful direct solution approach for depositing metal chalcogenide thin films is based on
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hydrazine solutions. By using hydrazine, Mitzi et al. dissolved SnS2 and In2Se3 powders and 

deposited SnSe2-xSx and In2Se3 as the active layers in thin film transistors (TFTs).81,82 Similar 

methods were also applied to fabricate thin film solar cells, achieving power conversion efficiencies 

(PCEs) of CIGSSe solar cell as 15.2%41,45,83 and CZTSSe solar cell as 12.6%.40,46 Unfortunately, 

using hydrazine creates additional safety and health risks during device processing due to its high 

toxicity and instability. It is therefore highly favorable to develop an alternative solvent system 

which is less toxic, more stable, and able to dissolve more diverse materials.  

Several recent studies focused on using a solvent mixture of 1,2-ethylenediamine and 1,2-

ethanedithiol to dissolve metal chalcogenides.84-86 Webber et al. first reported that nine V2VI3 

chalcogenides are soluble in a mixture of 1,2-ethylenediamine and 1,2-ethanedithiol with a volume 

ratio of 10:1.84 Then, Lin et al. showed that Cu2S, Cu2Se, In2S3, and In2Se3 are soluble in the same 

solvent, and semiconductor alloys, CuInSxSe1-x (x=0~1), were prepared by annealing combined 

metal-chalcogenide solutions.86 Although those studies show that potential of implementing the 

precursor solutions in device fabrication, the performances of the finished devices have not been 

reported. In Chapter 2, a molecular precursor route using metal salt precursor solutions to process 

CZTSSe thin film solar cells was reviewed. The highest PCE achieved is 7.86% on a total area of 

0.47 cm2. In this Chapter, another molecular precursor route based on metal-metal chalcogenide 

precursor solutions is reported. Herein, the dissolution of pure metals (e.g. Cu, Zn, Sn, and In) and 

metal chalcogenides (e.g. Cu2S, Cu2Se, CuS, CuSe, SnS, SnSe, In2S3, In2Se3, Ag2S, and Ag2Se) in 

a mixture of primary amine-dithiol solvent mixture, and the deposition of metal chalcogenide thin 

films (e.g. CuS, SnS, CTSSe, and CZTSSe) are demonstrated. Since Zn metal can readily dissolve 

in this primary amine-dithiol solvent mixture, resulting in a stable solution at room temperature, it 

is more suitable to use this solvent mixture than hydrazine or hydrazine derivatives to process 

CZTSSe thin films. The CZTSSe solar cells with PCEs of 6.84% and 7.02% have been fabricated 

using metal-chalcogenide precursor solutions and metal precursor solutions, respectively.  
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4.2 Experimental Section 

4.2.1 Dissolution of Pure Metals and Metal Chalcogenides 

A series of dissolution experiments was performed by mixing Cu, Zn, Sn, In, Cu2S, Cu2Se, CuS, 

CuSe, SnS, SnSe, In2S3, In2Se3, Ag2S, and Ag2Se with butylamine (BA)/hexylamine (HA) and 1,2-

ethanedithiol (EDT) (vol. ratio 1:1) at room temperature in a nitrogen-filled glovebox with both 

water and oxygen level <0.1 ppm. The sequence of adding solutions has no observable influence 

on the resulting solutions. The standard preparation sequence was: (i.) solid powders, (ii.) BA/HA, 

(iii.) EDT. It should be noted that none of the above powders dissolve in either primary amines or 

1,2-ethanedithiol. The highest solubility (wt.%) of a metal or a metal chalcogenide in primary 

amine-dithiol solvent mixture was determined experimentally by observing how much bulk 

powders dissolved in a mixture of BA-EDT (vol. ratio of 1:1) at room temperature within ten days. 

Although the dissolution experiment was first performed inside the nitrogen-filled glovebox, it was 

demonstrated that most of above bulk powders can be dissolved in BA/HA-EDT in air atmosphere.  

4.2.2 Preparation of CZTSSe Precursor Solutions  

The preparation of CZTSSe precursor solutions involves the formation of component solutions, 

and then the mixing of component solutions. The detailed procedures for component solutions and 

precursor preparation are described as follows. 

1) Component solutions for Solution 1: CZTS precursors were prepared as follows: Solution A 

(Cu2S solution) was prepared by dissolving Cu2S powder (0.210 g) in HA-EDT solvent mixture 

(vol. ratio of 1:1) (3 ml), forming a clear, dark brown solution after two days of stirring. Solution 

B (Zn solution) was prepared by dissolving Zn powder (0.103 g) in HA-EDT solvent mixture (vol. 

ratio of 1:1) (2 ml), yielding a clear, pink solution after few hours of stirring. Solution C (SnS 

solution) was prepared by dissolving SnS powder (0.0226 g) in HA-EDT solvent mixture (vol. ratio 
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of 1:1) (5 ml), resulting in a colorless transparent solution after seven to ten days of stirring. 

Solution 1 was prepared by mixing the above constituent solutions, and then diluted with HA at 

appropriate volume ratios, yielding a target concentration and elemental ratios at [Sn]=0.1 M, 

[Cu]:[Zn]:[Sn]=1.76:1.05:1. Note that no sulfur solution was added during the preparation of the 

precursor solution, since 1,2-ethanedithiol and sulfides supplied the sulfur during the film 

formation. The solution formed is clear brown color and stable over months.  

2) Component solutions for Solution 2: CZTSSe precursor were prepared as follows: Solution 

A’ (Cu2Se solution) was prepared by dissolving Cu2Se powder (0.244 g) in a mixture of HA-EDT 

solvent mixture (vol. ratio of 1:1) (3 ml), forming a clear, dark red solution after two days of stirring. 

Solution B’ (Zn solution) was formed by dissolving Zn powder (0.103 g) in HA-EDT solvent 

mixture (vol. ratio of 1:1) (2 ml). Solution C’ (SnSe solution) was prepared by dissolving SnSe 

powder (0.297 g) in HA-EDT solvent mixture (vol. ratio of 1:1) (5 ml), resulting in a clear, orange 

solution after seven to ten days of stirring. Solution D’ (S solution) was prepared by dissolving S 

(0.385 g) and Se (0.948 g) in HA-EDT (vol. ratio of 1:1) (6 ml). Solution 2 was prepared by mixing 

the above constituent solutions at appropriate quantities and then diluted with HA, yielding a target 

concentration and elemental ratios at [Sn]=0.1 M, [Cu]:[Zn]:[Sn]:[S]:[Se]=1.45:1.05:1:2:2. The 

solution is transparent red color and stable over months. It should be noted that the solvent mixture 

in Solution 1 and Solution 2 sometimes crystallize at room temperature; vortexing or stirring will 

reverse the crystallization. The crystallization of the solvent mixture has been demonstrated by 

mixing HA and EDT at volume ratio of 1:1 without the addition of solute.  

3) Component solutions for Solution 3: CZTSSe precursor were prepared as follows: Solution 

A” (Cu solution) was prepared by dissolving Cu powder (0.092 g) in a mixture of HA-EDT solvent 

mixture (vol. ratio of 1:1) (4 ml), forming a clear, light red solution after three days of stirring. 

Solution B” (Zn solution) was formed by dissolving Zn powder (0.069 g) in a mixture of HA-EDT 

solvent mixture (vol. ratio of 1:1) (2 ml). Solution C” (Sn solution) was prepared by dissolving Sn 
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powder (0.119 g) in a mixture of HA-EDT solvent mixture (vol. ratio of 1:1) (5 ml), resulting in a 

clear pink, solution after five to seven days of stirring. Solution D” (S solution) was prepared by 

dissolving S (0.385 g) and Se (0.948 g) in HA-EDT solvent mixture (vol. ratio of 1:1) (6 ml). 

Solution 3 was prepared by mixing the above constituent solutions at appropriate quantities, 

yielding a target concentration and elemental ratios of [Sn]=0.1 M, [Cu]:[Zn]:[Sn]:[S+Se]= 

1.45:1.05:1:5. The solution is a transparent red and stable over months.  

4.2.3 Deposition of Chalcogenide Thin Films 

Precursor films were deposited by spin coating (or drop casting for few samples) the precursor 

solutions on the molybdenum-coated soda lime glasses. The spin coating and post annealing 

process was performed in a nitrogen-filled glovebox with water and oxygen levels < 0.1 ppm. For 

the deposition of binary thin films, the substrates were firstly flooded with the corresponding binary 

precursors and then spun at 800 rpm for 30 sec.  

For the deposition of CZTSSe precursor films, the spin coating process is programed at 500 rpm 

for 5 sec and 1500 rpm for 25 sec. After the deposition of each precursor layer, the thin film was 

annealed at ~300°C for 5 min. These steps were repeated until the desired thickness was acquired. 

Then, the thin film was further annealed at 500oC in selenium atmosphere for 30 min to achieve a 

large-grained morphology. The selenization condition is described in section 2.3.3. 

4.2.4 Thin Film Characterization 

Powder XRD data were collected using a Rigaku diffractometer (Cu Kα radiation, 1.54 nm 

wavelength). Raman spectra were gathered from HORIBA with an exciton wavelength of 633 nm. 

The thin film morphology and compositions were characterized under FEI Quanta scanning 

electron microscopy (SEM) equipped with energy X-ray dispersive spectroscopy (EDX) in FEI 

Quanta equipped with an Oxford Aztec Xstream-2 silicon drift detector. FIB-lift off samples were 
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processed in FEI Helios, and then characterized with 200kV Hitachi 2700C equipped with Brucker 

SDD EDX. 

4.2.5 Solar Cell Fabrication and Characterization  

The CZTSSe absorbing layer was fabricated based on the direct solution route. The material 

layers from the bottom to the top of a complete device are: soda lime glass (SLG, ~2 mm), fiber-

textured molybdenum film (Mo, ~800 nm), chemical bath deposited cadmium sulfide (CdS, ~50 

nm), sputtered intrinsic zinc oxide (ZnO, ~80 nm) and tin-doped indium oxide (ITO, ~220 nm), 

and e-beam deposited Ni/Al metal contacts. A ~100 nm antireflective magnesium fluoride (MgF2) 

coating was applied on the cell prepared from Solution 2. The J-V characteristics were measured 

with a four-point probe station using a Keithley 2400 series sourcemeter and a Newport Oriel 

simulator with AM 1.5 illumination. The solar simulator was calibrated to 100 mW/cm2 using a Si 

reference cell certified by NIST. 
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4.3 Results and Discussion 

4.3.1 Dissolution of Pure Metals 

The bulk metals, like Cu, Zn, and Sn, are difficult to dissolve in common organic solvents. 

Especially, Zn, ZnS, or ZnSe are challenges for many solvents, even for anhydrous hydrazine. To 

compromise this situation, a hydrazine-based slurry comprised of dissolved Cu2S, SnSe, S, Se, and 

insoluble ZnX-(N2H4) (X=S, Se) particles, which are formed in situ in the slurry, was previously 

used for the deposition of CZTSSe thin films.87 The spatial composition fluctuation of the as-

deposited precursor films is significant due to the formation of ZnX-(N2H4) (X=S, Se) particles in 

hundreds of nanometers.40,87 Later on, the efficiency was increased slightly by replacing insoluble 

Zn metal with soluble zinc chloride in hydrazine-based CZTSSe precursors.42 This indicates that 

compositionally homogeneous precursors performs better in processing good-quality films. 

However, it is well-known that semiconductors are highly sensitive to impurities, and thus the 

addition of chloride ions might introduce contamination. By introducing hydrazinocarboxylic acid 

into hydrazine, Yang et al. incorporated Zn metal as soluble complexes into hydrazine, resulting a 

real molecular precursor for CZTSSe deposition.50,88 Unfortunately, the formation of 

hydrazincarboxylic acid is highly exothermic and this complex agent is highly corrosive and 

reactive to stainless steel.50 In this present study, we report a method of using a primary amine-

dithiol solvent mixture to dissolve Zn metal and then prepare compositionally homogeneous 

CZTSSe molecular precursors. This method completely avoids the usage of hydrazine which is 

highly toxic and unstable, ensures the complete incorporation of Zn ions at molecular level, 

eliminate the potential contamination from the metal salts, and enhances the spatial composition 

uniformity throughout the precursor films during the deposition.  

To prepare a Zn precursor solution, Zn metal powders were weighed in a glass vial. Then, BA 

and EDT were sequentially added into the glass vial. A significant amount of gas was generated as 
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soon as EDT was added into BA. Note that neither pure BA nor EDT will dissolve Zn powders. 

The solution became a clear liquid with light pink color after around 2 h stirring (Figure 4.1a). The 

solution does not precipitate out over time, indicating very stable metal complexes was formed 

during the reaction between the metal and the solvent mixture. Based on a quick experiment, the 

solubility of Zn metal in a BA-EDT solvent mixture (vol. ratio of 1:1) is ~0.78 M. The same 

dissolution process was observed when the solvent mixture of HA-EDT (vol. ratio of 1:1) was used.  

The as-deposited and annealed films of Zn solution were characterized using GIXRD (Figure 

4.1a). After annealing at 300°C for 10 min, the amorphous precursor film converted to ZnS which 

is composed of zinc-blend (F-43m) and wurtzite ZnS (P63m) phases. This indicates that EDT acts 

as a sulfur source for the conversion of a metal into its corresponding metal sulfide. If the sulfur 

source is provided externally by adding a sulfur solution in pure HA into a Zn solution, the 

crystallinity of the film was improved. The ZnS formed also contains both zinc-blend and wurtzite 

crystal structures.  

To qualitatively understand why pure metals can dissolve in this amine-dithiol solvent mixture, 

electrolytic conductivity measurements were performed on BA, HA, EDT, a solvent mixture of 

BA-EDT (vol. ratio 1:1; molar ratio 1:1.18), a solvent mixture of HA-EDT (vol. ratio 1:1; molar 

ratio 1:1.57), and solutions with dissolved Zn metals ([Zn]=0.3~0.7 M) at 25°C. The electrolytic 

conductivities of BA, HA, and EDT were measured. Then, amine and dithiol were mixed 

homogenously for the measurements of solvent mixtures. The solutions with different Zn 

concentrations were prepared by dissolving increasing amount of Zn metal in the same solvent 

mixture. Conductivity measurements were performed as soon as clear solutions formed. Table 4.1 

shows the conductivities measurement results.
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Table 4.1: Conductivities of solvents and Zn solutions at room temperature. 

Solvent Zn Concentration (M) Conductivity (µS/cm) 

Butylamine (BA) N/A 0 

Hexylamine (HA) N/A 0 

1,2-Ethanedithiol (EDT) N/A 0 

BA-EDT (vol. ratio 1:1) 0 1926.5 

BA-EDT (vol. ratio 1:1) 0.3 1500.8 

BA-EDT (vol. ratio 1:1) 0.5 1274.4 

BA-EDT (vol. ratio 1:1) 0.7 960.7 

HA-EDT (vol. ratio 1:1) 0 550.2 

HA-EDT (vol. ratio 1:1) 0.3 502.0 

HA-EDT (vol. ratio 1:1) 0.5 428.6 

HA-EDT (vol. ratio 1:1) 0.7 327.7 

 

In order to analyze the equilibrium species in Zn solutions, electrospray ionization mass 

spectrometry (ESI-MS) was employed and the result from the negative mode is shown in Figure 

4.1b. The soft character of ESI-MS can minimize fragmentation, leaving mostly unaltered species 

existing in the solution. As shown in Figure 4.1b, the major peak at around 249 m/z is attributed to 

.  The structure of this complex is similar to the reported zinc ethane-1,2-dithiolato 

complexes, [Zn(edt)2]2- by Rao et al.89 The peak at around 341 m/z correspond to a larger complex 

formed between  (~249 m/z) and  (~93 m/z).  The speculated reactions during the 

Zn dissolution is shown below: 

Zn+HSCH2CH2SH 
𝑇𝑟
→ or +H+, CH2CH2CH2NH2 + H+ 

𝑇𝑟
→ CH2CH2CH2NH3 

+ 
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Besides Zn metal, Cu, Sn, and In metals are also soluble in the solvent mixture of primary amine 

and 1,2-ethandithiol (Figure 4.1c). Solubility limits of Cu, Zn, Sn, and In in BA-EDT (vol. ratio 

1:1) at room temperature are around 0.5, 0.78, 0.3, and 0.3 M, respectively.  

 

Figure 4.1: a) GIXRD patterns of the as-dried Zn precursor film, the as-annealed Zn precursor 

film, and the as-annealed Zn+S precursor film. b) ESI negative mode analysis of Zn solution. 

(Courtesy by Laurance Cain and Priya Murria at Purdue University) The insets are Zn solutions 

(0.3 and 0.7 M) prepared in BA-EDT and HA-EDT solvent mixtures (vol. ratio as 1:1). c) 

Saturated solutions of Cu, Zn, Sn, and In in HA-EDT solvent mixtutres. 
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4.3.2 Dissolution and Deposition of Metal Chalcogenides 

The use of dithiol in a primary amine-thiol solvent mixture enables the facile dissolution of a 

series of important metal chalcogenides. Figure 4.2 shows the solutions prepared after dissolving 

Cu2S, CuS, SnS, SnSe, Cu2Se, and CuSe in HA-EDT (vol. ratio of 1:1). The concentration of above 

solutions are 0.3 M. When either HA or EDT alone was added into the glass vials, the solvents and 

powders stayed unchanged no matter how long the suspensions were stirred. As soon as EDT was 

added to HA, dissolution occurred and vice versa. The solubilities of these metal chalcogenides in 

this particular solvent mixture range from 0.3 to 0.5 M at room temperature. In general, copper 

chalcogenides have higher solubilities than tin chalcogenides. From the dissolution rate perspective, 

copper chalcogenides dissolve faster than tin chalcogenides, and sulfides dissolve faster than 

selenides, when the same concentrations are prepared. All the solutions stay optically transparent 

over months after fully dissolution, indicating the formation of stable organometallic complexes.  

Moreover, the dissolution is scalable. Large quantities of these chalcogenide solutions can be 

prepared and stored at room temperature. Although the dissolution experiment was first performed 

inside the nitrogen-filled glovebox, it was demonstrated that most of above bulk powders can be 

dissolved in BA/HA-EDT in air atmosphere (Figure 2.11 and Table 4.3 in Supporting Information).  

Re-deposition of metal chalcogenides thin films enables the rapid fabrication of many thin-film 

devices. Herein, we show the dissolution and re-deposition of CuS and SnS as examples. The pure 

solutions were spin coated on Mo substrates, followed by an annealing procedure for 10 min in N2 

atmosphere. This whole process was repeated until the desired film thickness was obtained. The 

phase/s and compositions of the resulting thin films varied with annealing temperatures. Figure 

4.3a shows the GIXRD patterns of thin films deposited from a CuS solution (0.3 M) annealed at 

150, 300, and 350°C.  Several strong peaks at lower two-theta angles were detected from thin films 

annealed at 150°C, indicating the possible formation of organometallic compounds with long range 

orders. When the film was annealed at 300°C, all the XRD peaks matched the CuS standard pattern 
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(space group P63/mmc, JCPDS 06-0464). In Figure 4.3b, the Raman shifts acquired on this film 

exhibit peaks at 266 cm-1 and 474 cm-1 corresponding to the covellite CuS reported by Sukarova et 

al. 90 Higher temperature annealing at 350°C led to the formation of Cu1.8S from the film of CuS, 

indicating the annealing temperature is critical to the formation of a desired phase. In the case of 

SnS recovery, orthorhombic SnS was obtained after annealing at 300°C rather than annealing at 

150°C (Figure 4.3c), and the thermogravimetric analysis (TGA) shows an end point of phase 

transformation at 300°C (Figure 4.12). The GIXRD pattern of the film annealed at 300°C matched 

Herzenbergite SnS (space group Pnma, JCPDS 39-0354). In Figure 4.3d, the peaks at 83, 95, 163, 

191, and 219, 288 cm-1 match well with those of a single crystal SnS reported at 85, 95, 164, 192, 

218, and 290 cm-1.91 The above examples illustrated that using efficient deposition technique and 

well-controlled annealing, metal chalcogenides can be re-deposited into thin films from the 

precursor solutions. 

 

 

Figure 4.2: Solutions prepared by dissolving Cu2S, CuS, SnS, SnSe, Cu2Se, and CuSe in HA-

EDT solvent mixtures with concentrations of 0.3 M at room temperature. The dissolution was 

performed in a N2-filled glovebox with both water and oxygen level <0.1 ppm. 
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Figure 4.3: a) GIXRD patterns of CuS precursor films annealed at 150°C, 300°C, and 350°C, 

respectively. b) Raman spectrum of a CuS thin film recovered at 300°C. c) GIXRD patterns of 

SnS precursor films annealed at 150°C and 300°C, respectively. d) Raman spectrum of a SnS thin 

film recovered at 300°C. 

 

4.3.3 Deposition of CZTS and CZTSSe Thin Films 

Since this primary amine-dithiol solvent mixture can readily dissolve bulk metals and metal 

chalcogenides at significant high concentrations and form stable solutions, it offers a universal 

pathway to design molecular precursors for the deposition of specific metal chalcogenides, 
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especially for ternary and quaternary materials. In the process of preparing precursors, individual 

metal/chalcogen sources were firstly dissolved separately. The component solutions include Cu or 

Cu chalcogenide solutions, Sn or Sn chalcogenide solutions, Zn solution, and chalcogen 

(S/Se/S+Se) solutions. After mixing the above component solutions with appropriate volume ratios, 

clear and stable molecular precursors are ready for use. To make precursors for ternary 

Cu2Sn(SxSe1-x)3 (0≤x≤1),  solutions of Cu2S/Cu2Se, SnS/SnSe, and S/Se are mixed with proper 

ratios. By adjusting S:Se ratio in the precursor solution, ternary sulfoselenide Cu2Sn(SxSe1-x)3 

(0≤x≤1) with different bandgaps can be deposited. The XRD patterns and film morphology of 

ternary Cu2Sn(SxSe1-x)3 (0≤x≤1) are shown in Figure 4.4.  

 

 

Figure 4.4: GIXRD patterns and film morphology of ternary Cu2Sn(SxSe1-x)3 (0≤x≤1) thin films 

processed using mixture solutions of Cu2S/Cu2Se, SnS/SnSe, and S/Se. The compositions of the 

thin films are estimated using SEM-EDX. The standard pattern of Cu2SnS3 (PDF 01-070-6338) is 

labeled at the bottom. Based on Vegard’s law, x=0.35 in the Cu2Sn(SxSe1-x)3 thin film. 

 

In order to process compositional uniform Cu2SnZn(SxSe1-x)4  (0≤x≤1) thin films, three types of 

precursor solutions have been explored in this study, that is, Solution 1: CZTS precursor, a mixture 
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of Cu2S, SnS, and Zn solutions; Solution 2: CZTSSe precursor, a mixture of Cu2Se, SnSe, Zn, S, 

and Se solutions; and Solution 3: CZTSSe precursor, a mixture of Cu, Sn, Zn, S, and Se solutions. 

Figure 4.5 shows the constituent solutions and the as-prepared CZTS and CZTSSe precursor 

solutions. This solvent system offers a huge flexibility to adjust the concentration ratios between 

cations (e.g. Cu/Sn and Zn/Sn) and ratios of cation to anion (e.g. S+Se/Sn).  

 

 

Figure 4.5: Constituent solutions and resulting precursor solutions in three example solution 

routes to pure CZTS or CZTSSe (left). Schematic of general deposition procedures using the 

above precursor solutions (right). 

 

The CZTS precursor film was obtained after spin coating and annealing Solution 1 at 300°C for 

5 min for each layer. The top-view and cross-sectional SEM images of a precursor film are shown 

in Figure 4.6a and c. The annealed precursor film is flat and smooth in a large area. The total 

thickness of this precursor is around 800 nm for 8-layer coating, with each precursor layer densely 

packed onto the Mo substrate. The GIXRD and Raman spectrum in Figure 4.6e and f reveal that 

the precursor film consists of kesterite CZTS nanoparticles. The formation of kesterite CZTS phase 

at this low temperature is attributed to the low formation energy of this quaternary phase and the 

compositional homogeneity inside the precursor film. After selenization at 500°C for 40 min, large 
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grains grow from the precursor films and the grains pack in a layered structure (Figure 4.6b and d). 

As shown in Figure 4.6e, the sharp peaks in the GIXRD pattern are well-aligned with kesterite 

CZTSe phase with a slight higher angle shift. In the Raman spectrum (Figure 4.6f), the peak at 174, 

196, 235, and 249 cm-1 correspond to kesterite CZTSe phase, while the small broaden peak at 331 

cm-1 is attributed to kesterite CZTS phase.  

To fabricate CZTSSe thin-film solar cells, same fabrication procedure for the precursor film and 

its subsequent selenization were also applied to Solution 2: CZTSSe precursor solution. Since Se 

ions were incorporated in the precursor solution as dissolved selenide and selenium, the phase 

formed in the precursor film is mainly kesterite CZTSSe, as shown in the GIXRD pattern in Figure 

4.7a. In the Raman spectrum (Figure 4.7b), the peaks at 200 cm-1 corresponding to the A1 mode of 

CZTSe has a higher intensity than the peak at 334 cm-1 corresponding to the A1 mode of CZTS. 

This means more Se substitute S in the lattice of precursor film. After the selenization, the precursor 

film was converted into highly-crystalline CZTSe film. No secondary phases was detected with 

GIXRD and Raman with excitation wavelength of 633 nm. Solar cells were fabricated based on 

Solution 2: CZTSSe precursor solution. So far, the highest PCE achieved is 6.84% on a total area 

of 0.47 cm2 under standard AM 1.5 illumination. Figure 4.7c shows the current density-voltage (J-

V) data. The other characteristic parameters of this solar cells are: Jsc of 35.5 mA·cm-2, Voc of 0.36 

V, and FF of 53.5%. External quantum efficiency in Figure 4.7d indicates the use of metal 

chalcogenide precursor solutions improves the carrier collection in the longer wavelength range 

compared to the use of metal chloride salts in precursor solutions.    

The composition and microstructure of the precursor and selenized film were characterized 

using SEM equipped with EDX (Table 4.2). From the precursor solution with Zn/Sn=1.05, 

Cu/(Zn+Sn)=0.71, the final film with ion ratios of Zn/Sn=1.18, Cu/(Zn+Sn)=0.87 was processed 

after annealing and selenization treatment. 



 

 

 

 

8
2

 

 

Figure 4.6: SEM images (a-d), GIXRD patterns (e), Raman spectra (f) of a precursor film and a selenized film prepared from Solution 1: 

CZTS precursor solution. a) and c) Top-view and cross-sectional images of a precursor film. b) and d) Top-view and cross-sectional images of 

a selenized film. Inset in a) is a low-magnification top-view image for the precursor film. A scratch in the upper right corner was intentionally 

put on to facilitate the focusing in microscope. 
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Figure 4.7: Results for Solution 2: CZTSSe precursor solution. a) GIXRD patterns of the 

precursor film and selenized film. b) Raman spectra of the precursor film and selenized film. c) J–

V curves and performance parameters for the best performing cell in the dark and under AM1.5 

illumination. The dotted line shows the dark current density, while the solid line represents the 

light current density. d) External quantum efficiency (EQE) of the same cell. 

 

Table 4.2: Average compositions of the precursor solution, precursor film, and selenized film. 

 

 

 

 

Atomic ratio Solution Precursor film Selenized film 

film 
[Cu]/[Zn+Sn] 0.71 0.73 0.87 

[Zn]/[Sn] 1.05 1.15 1.18 

[S]+[Se]/[Sn] 4 3.98 4.12 
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Figure 4.8 is the high-angle annular dark field (HAADF) images of the precursor film and the 

elemental distribution within a precursor layer and across the precursor layers. As shown in Figure 

4.8a, the precursor film consists of multiple layers which were created during the spin coating. The 

high and low contrast regions are attributed to the in-situ formed nanoparticles with sizes less than 

5 nm (Figure 4.8d) and the low-mass residual solutions. The elemental distribution within a 

precursor layer and across precursor layers were characterized using EDX installed in STEM 

(Figure 4.8 b and c). The compositional fluctuation in this precursor film is much smaller compared 

that in the hydrazine-slurry processed precursor film.40 Figure 4.9a and b are the top-view SEM 

image of the selenized film and cross-sectional SEM images of the solar cell prepared from Solution 

2: CZTSSe precursor solution. Grains with in-plane diameters more than 500 nm were obtained 

after the selenization at 500°C for 40 min. In the absorber layer, a fine-grained layer formed 

underneath the large-grained layer after selenization (Figure 4.9c). The Cu, Zn, Sn, S, and Se 

uniformly distributed in the large-grained layer, while some fluctuations with Cu and Zn show up 

in the fine-grained layer (Figure 4.9d). The reason for the formation of fine-grained layer is still 

unclear. The S:Se ratio in the precursor film might play an important role in changing the grain 

growth behavior during the selenization as reported in some studies related to CZTSSe colloidal 

method.34,92 It is believed that a continual optimization in the S:Se ratios and the condition of high-

temperature heat treatment (e.g. annealing temperature and time) on the precursor films will answer 

the question, and lead to higher efficiencies.  
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Figure 4.8: Results for Solution 2: CZTSSe precursor solution. a) STEM-HAADF images of 

CZTSSe precursor film. b) and c) Elemental distributions of Cu, Zn, Sn, S, and Se within a single 

layer of precursor film and across several precursor films. The compositional profiling was 

analyzed using STEM-EDX.  The dot lines mark the layers inside the precursor film. d) High-

resolution STEM-HAADF images of nanoparticles in the precursor film. 
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Figure 4.9: Results for Solution 2: CZTSSe precursor solution. a) Top-view SEM image of the 

selenized film. b) and c) cross-sectional SEM image and STEM-HAADF image of a solar cell. d) 

STEM-EDX compositional profiling along yellow line in c. Note that S Kα and Mo Lα overlap 

each other, thus their compositional profiles are the same. 
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CZTSSe solar cells were also processed from Solution 3, composed of dissolved solutions of 

Cu, Zn, Sn, S, and Se in HA-EDT solvent mixtures. The solar cell efficiency of 7.02% on an area 

of 0.483 cm2 has been achieved based on this precursor solution (Figure 4.10). Compared to using 

metal chalcogenide, using bulk metals and chalcogens as the starting materials makes this solution 

route highly competitive in terms of cost.  

 

 

Figure 4.10 J-V curves and performance parameters for the best performing cell processed from 

Solution 3: CZTSS precursor solution. The dotted line shows the dark current density, while the 

solid line represents the light current density. 
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4.4 Conclusion 

A non-hydrazine primary amine-dithiol solvent system is discovered for fast dissolution of bulk 

metals (e.g. Cu, Zn, Sn, and In) and metal chalcogenides (e.g. Cu2S, Cu2Se, CuS, CuSe, SnS, SnSe, 

In2S3, In2Se3, Ag2S, and Ag2Se). The extensive applications of the metal-metal chalcogenide 

precursor solutions based on this solvent system is demonstrated by the deposition of CuS, SnS, 

ZnS, CTSSe, CZTS, and CZTSSe thin films as well as the fabrication of CZTSSe solar cells. The 

unique capability to dissolve Zn bulk powders at room temperature allows the formation of 

molecular precursors for CZTSSe deposition, promoting the phase purity and compositional 

uniformity in the final films. Furthermore, the use of this solvent system offers flexibility in 

tailoring the stoichiometry of the resulting films simply by adjusting the types and concentrations 

of component solutions incorporated. The solar cell performances illustrate the potential of this 

direct solution route for photovoltaic devices and other electronic applications. 
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4.5 Supporting Information 

Table 4.3 summarizes the tested bulk metals and metal chalcogenides, which are soluble in the 

primary amine-dithiol/monothiol solvent mixtures. The primary-monothiol solvent mixture cannot 

dissolve those tested bulk metals and metal chalcogenides except zinc powders (solubility ≤0.1 M). 

The primary amine-dithiol solvent mixture can dissolve many metals and metal chalcogenides in 

both inert and air atmospheres at room temperature (Figure 4.11).  

 

 

Figure 4.11: Solutions of Zn, Sn, In, SnS, SnSe, CuS, Cu2S, Cu2Se, In2S3, In2Se3, and Ag2S (left 

to right) prepared in HA-EDT solvent mixtures at room temperature in air atmosphere. The 

solution concentrations are 0.2 M. 

 

Table 4.3: Dissolution of metals and metal chalcogenides. 

Bulk Material BA/HA 
BA/HA-PT 

BA/HA-ET 

BA/HA-EDT 
Color 

Air 

atmosp

here 

N2 

Metal      

Cu    √ Clear, dark yellow 

Zn  √ √ √ Clear, light pink 

Sn   √ √ Clear, pink 

In   √ √ Clear, colorless 

Metal 

Chalcogenide 

     

CuS   √ √ Clear, dark yellow 

Cu2S   √ √ Clear, dark yellow 

CuSe   √ √ Clear, yellow 

Cu2Se   √ √ Clear, red 

SnS   √ √ Clear, colorless 

SnSe   √ √ Clear, orange 

In2S3   √ √ Clear, light pink 

In2Se3   √ √ Clear, red 

Ag2S   √ √ Clear, colorless 

Ag2Se    √ Clear, yellow 

 BA: butylamine; HA: hexylamine; PT:  propanethiol; ET: ethanethiol; EDT:1,2-ethanedithiol 
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TGA was performed on a TA Instrument Q50 with an alumina crucible under a flowing nitrogen 

atmosphere. For the measurement, the following heating program was employed: isothermal at 

room temperature for 20 min, ramp 10°/min to 500°C with a nitrogen flow 60 mL/min. The sample 

sizes of ~10 mg was analyzed for SnS solution (HA-EDT, 0.3 M). The end temperature of phase 

transformation is 300°C, corresponding to the annealing temperature used in this study (Figure 

4.12). 

 

Figure 4.12: TGA trace of SnS solution.  
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CHAPTER 5. HYDROTHERMAL GROWTH OF ZNO THIN FILMS 

5.1 Introduction 

Due to its appealing properties, such as a wide bandgap of 3.37 eV, high exciton binding energy 

of  60 meV, and high single crystal mobility (100-230 cm2 V-1 s-1), 93,94 zinc oxide (ZnO) has 

attracted great attention in applications as diverse as blue/UV optoelectronics,95 transparent 

electronics,96-98 spintronic devices,99 sensors,100 and solar cells.101 For transparent displays in 

particular, considerable research has been focused on using ZnO thin films as the channel material 

in transparent thin film transistors (TTFTs) or in the transparent conductive layer. In this application 

scenario, the formation of continuous films is critical to both carrier transport and optical 

transparency.  

To date, both chemical and physical synthesis methods have been exploited to grow ZnO thin 

films. Although films with good performance have been synthesized via radio frequency magnetron 

sputtering,102 pulsed laser deposition (PLD),103-105 molecular beam epitaxy (MBE),106 chemical 

vapor deposition (CVD)107 and other vacuum-based or vapor-phase-based depositions, these 

methods are not ideal for mass production of ZnO films on flexible polymeric substrates. Either 

expensive equipment or cumbersome procedures limit their wide technological application. In 

contrast, aqueous solution growth of ZnO exhibits unique advantages, including ambient pressure, 

low temperature (less than 95°C), simple chemical processing routes, and low capital costs. For 

these reasons, we turned our attention to understanding the conditions for aqueous solution growth 

of continuous and dense ZnO thin films. 
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Zinc oxide has a hexagonal wurtzite structure with a space group as P63mc (Figure 5.1). The 

structure contains close-packed oxygen and zinc layers stacking along the c-axis with alternating 

distance of 0.69 Å and 1.99 Å, respectively.108 The exposed (0001) and (0001̅) planes composed 

of only Zn2+ or O2- ions are polar facets, while {101̅0} planes composed of Zn-O dimers are non-

polar facets. This crystallographic anisotropy of ZnO results in anisotropic growth, with the highest 

growth rate frequently observed along the c-axis, and slower growth normal to the large prismatic 

facets of {101̅0}and {2̅110}. This natural tendency normally leads to the growth of needle-like or 

rod-like ZnO crystals from solution.  

 

Figure 5.1: Atomic model of 3D wurzite structure of ZnO crystal (left side) and 2D atomic 

projections of  (011̅0) and {0001} planes (right side). The top and bottom exposed {0001} 
planes can be either O2- ion-terminated or Zn2+ ion-terminated. The 3D and 2D models are 

constructed in CrystalMaker software. 

 

Since Vayssieres et al. first introduced the hydrothermal growth of arrayed ZnO 

nanorods/nanowires in 2001,109 one-dimensional (1D) ZnO nanostructures have been studied 

widely and the effects of different zinc salts and chelating ligands on the density, aspect ratio, and 

morphology of ZnO nanorods/nanowires have been systematically examined, with a focus on 

creating arrays of discrete nanorods/nanowires.110-112 Density-controlled ZnO nanorod arrays, for 

example, have been grown from patterned or unpatterned substrates using an aqueous solution of 
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zinc nitrate and HMTA.113,114 However, hydrothermal growth in terms of two-dimensional (2D) 

thin film growth was not widely explored, since the goal of the most previous studies was to form 

arrays of isolated nanorods with high aspect ratios. Consequently, it is advantageous to develop a 

simple, low-cost, aqueous hydrothermal growth scheme for 2D polycrystalline ZnO thin films with 

adequate properties for device applications. 

In order to grow dense thin films within short time, three strategies are used to either increase 

the rod density or enhance the lateral growth of nanorods in the thin films: (1) deposition of seed 

layers from nanoparticle suspensions or precursor solutions, (2) use of capping ions, and (3) 

adjustment of pH in the aqueous solution. The influence of Cl- capping ions on the anisotropic 

growth of ZnO nanorods and the effects of seed layers on the resulting films are systematically 

studied. The utility of these films in TTFT applications is demonstrated in terms of microstructure, 

film thickness, transmittance, and preliminary I-V measurements.  

5.2 Experimental Section  

5.2.1 Seed Layer Deposition 

In order to increase the nucleation sites of ZnO nanorods grown from solution, a seed layer was 

deposited on the substrates from nanoparticle suspensions or solution precursors.  

5.2.1.1 Seed Layers Deposited from Nanoparticle Suspensions 

Two zinc oxide nanoparticle suspensions (NanoTek R ZH1121 W and NanoShield R ZN-2000-

70 nm from Alfa Aesar), with average particle sizes of 40 nm and 70 nm, respectively, were used 

to deposit seed layers. In the study of optimizing the growth condition for 2D films, a multilayer of 

seeds was deposited using the 70 nm-particle suspension. The thickness of the seed layer was 

around 1 µm. Once the optimum solution chemistry was developed, a suspension with 40 nm-
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nanoparticles was used to deposit a monolayer of seeds. This monolayer of seed was also used in 

fabrication of TFTs. 

Glass (0215 Corning glass slides) and oxidized Si wafers (300 nm SiO2/p++ Si wafers) were 

used as the substrates for ZnO nanorods. Glass substrates were used when optimizing the solution 

condition for the lateral growth of ZnO nanorods, while the Si wafers were used for the final device 

fabrication. Since both glass substrates and Si wafers are composed of or covered by amorphous 

SiO2 (>70 at. %), the change of the substrates did not influence the formation of seed layers. 

All substrates were cleaned with a sequence of rinses: acetone, 2-propanol, piranha solution 

(H2SO4, 98 vol.%: H2O2, 30 vol.% = 3:1), and DI water. A two-step spin coating process (step 1: 

2000 rpm s-1, 35 s; step 2: 4000 rpm s-1, 10 s) was performed for the seed deposition. Once dried, 

the freshly coated substrates were annealed in air at 95oC for 2 h to remove the residual solvent. 

5.2.1.2 Seed Layers Deposited from Solution Precursors 

Zinc acetate solutions (0.25 M) were prepared by dissolving zinc acetate dihydrate 

Zn(CH3COO)2·2H2O in a mixture of ethanol and diethanolamine. The diethanolamine was added 

drop by drop into the solution until the zinc acetate crystals were fully dissolved. The total volume 

added was about 9.5 µL/ml. The precursor solution was colorless after preparation. This solution 

was spin coated on p++ Si wafers covered with 300 nm-SiO2. The as-deposited precursor films 

were heat treated at 300 °C for 1 min. Then, the films were annealed inside a tube furnace at 350°C 

and 600°C for 30 min. The average size of the grains was controlled by the heating temperature.   

5.2.1.3 Seed Layer Deposited by PLD 

A textured seed layer of ZnO was deposited using pulsed laser deposition (PLD). The film was 

deposited using PLD (PVD Products, Inc) with a KrF excimer laser (Lambda Physik GmbH) at a 

wavelength of 248 nm. The ZnO target was purchased from Kurt J. Lesker Corp. with a purity of 
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99.99%. The substrate was heated to temperature about 50 to 100°C during deposition. The final 

thickness of the ZnO seed layer deposited was ~50 nm. 

5.2.2 Solution Growth of ZnO Thin Films 

An aqueous solution of 0.05 M zinc nitrate (Zn(NO3)2) and 0.05 M hexamethylenetetramine 

(HMTA) was used as the basis for all hydrothermal growth experiments. The influence of Cl- ions 

was examined by adding different amounts of potassium chloride (KCl), and thus resulting in the 

[Cl-]/[Zn2+] ratios within the range of 0~2. The initial pH of the solution was intentionally adjusted 

by adding glacial acetic acid (CH3COOH, pH=2.4 at 20°C) or ammonium hydroxide (NH3·H2O, 

pH=11.7 at 20°C) to the solution. 

Before starting the reaction, annealed substrates were inverted in the container with the aid of a 

polypropylene holder (Figure 5.2). This configuration could effectively prevent the ZnO crystallites 

inside the bulk solution from depositing on the thin film. The reaction was initiated by mixing zinc 

nitrate (50 ml) and HMTA (50 ml) aqueous solutions at 90°C. The mixed solution was immersed 

in an oil bath to maintain 90°C and stirred at 400 rpm throughout the reaction. Since the ramp time 

of the real temperature within the bulk solution is short compared to the total growth time, it is 

regarded that the reaction was performed at a constant temperature. After the reaction, the as-

fabricated films were rinsed twice in DI water and dried with dry air.  

 

Figure 5.2: Experiment setup for the hydrothermal growth. 
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5.2.3 Characterization and Measurement 

A bottom-gate and top-contact design was used in our ZnO TFTs. The p++ silicon was used as 

the bottom gate and the silicon dioxide layer was used as the dielectric layer (C=11.5 nF·cm-2). 

After the growth of a ZnO thin film on the Si wafer, photolithography was applied to pattern the 

film and lift-off was performed to define contact regions. 

Aluminum source and drain electrodes were deposited via e-beam evaporation. The width of 

the channel was 50 µm and the length was 10 µm. The I–V characteristics of all transistors were 

measured in the dark in ambient air using a four-probe station. 

The top-view and cross-section microstructures of the ZnO films were characterized using 

scanning electron microscopy (SEM, Hitachi S-4800 at 10 kV) and SEM/FIB (focused ion beam, 

FEI Nova 200 NanoLab DualBeam R at 10 kV/5 kV). X-ray diffraction (XRD) was carried out 

using Cu Kα radiation in a Bruker D8 diffractometer. Two parameters, the average diameter of 

individual nanorods and the rod area density, were introduced and measured using Image J software. 

Using FIB cross-sections, the fabricated structures were characterized in terms of the four types of 

layers: the seed layer (SL), the dense layer (DL), the porous layer (PL), and the nanorod layer 

(NRL). The quality of the fabricated film is represented by RDL, that is, the ratio of DL thickness 

to NRL (PL+DL) thickness, with RDL=1 being the target film quality. At least five samples were 

made from each growth condition, and ten regions of 2×2 µm2 at 20 kx magnification SEM images 

of each sample were used for measurements. The measurement of film texture was performed using 

high-resolution x-ray diffraction (XRD, Bruker AXS general area detector diffraction system 

(GADDS) equipped with a HI-Star area detector). The diffraction geometry can be seen in Figure 

5.8a. A section of a Debye–Scherrer ring was studied using a 2D detector system. The detector 

center was positioned 60 mm away from the illumined midpoint of the sample. Data correction and 

processing was performed using the Bruker GADDS software. The resulting Debye–Scherrer rings 

were converted to multiple line scans as a function of 2θ by integrating with respect to χ in 5° 
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increments. The series of line scans were processed using MAUD (version 2.33) to generate the 

inverse pole figures and calculate multiples of random distribution (MRD). The MRD is defined as 

the ratio of the volume fraction of crystallites of a particular orientation in a measured sample to 

the volume fraction observed for a powder sample at a specific orientation relative to a direction in 

the sample reference frame. For this study, MRDs are shown with respect to the film normal 

direction. A harmonic model for fiber texture was used to fit the integrated line scans in MAUD. 

5.3 Results and Discussion 

5.3.1 Modification of Anisotropic Growth of ZnO Nanorods 

Figure 5.3a and b show SEM top-view images of a typical seed layer prepared from the 

nanoparticle suspension and of ZnO nanorods grown from it after 10 h reaction. Figure 5.3c shows 

the normalized XRD patterns of the ZnO seed layer and nanorods after hydrothermal growth. The 

peak positions for both cases are consistent with the standard powder XRD for ZnO wurtzite phase 

(JCPDS 79-0206).  This indicates that homoepitaxy occurred during the hydrothermal growth. 

After the hydrothermal growth, the peak of (0002) became the most intense peak, indicating the 

ZnO crystal has a preferred growth orientation along c-axis. A HRTEM image of a nanorod is 

shown in Figure 5.3d. The elongated direction is along [0001]. The lattice planes with a spacing of 

0.26 nm are (0002) planes. Two reasons lead to this anisotropic behavior: i) The polarized {0001} 

planes have higher surface energies compared to non-polar {011
-

0} planes.115 ii.) During solution 

growth, Zn2+ and OH- ions are easily adsorbed to the polar facets by electrostatic forces, enhancing 

the anisotropic growth of the crystal along <0001>. Consequently, instead of producing a 

continuous film, this aqueous solution normally produces ZnO films composed of discrete nanorods.  
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Figure 5.3: SEM images of a) a typical ZnO nanoparticle seed layer fabricated on a glass 

substrate, and b) the array of nanorods formed from the solution of zinc nitrate and HMTA (1:1, 

0.05 M, 10 h hydrothermal growth). c) XRD patterns for the seed layer and the array of nanorods. 

The black and red patterns represent the seed layer and the array of nanorods after hydrothermal 

growth, respectively. d) Typical HRTEM image of a ZnO nanorod grown on the seed layer. 

 

5.3.1.1 Modification of ZnO Anisotropic Growth using Chloride Ions  

In order to control the anisotropic growth, chloride ions (Cl-) were introduced into the solution 

during nanorod growth. Figure 5.4 displays the morphological evolution of ZnO films grown from 

solutions with and without Cl- ions. Solutions of zinc nitrate and HMTA with Cl- ion concentrations 

of 0.05, 0.075, and 0.1 M, corresponding to the ratios [Cl-]:[Zn2+] of 1, 1.5, and 2, were contrasted 

with the Cl--free solution. The continuity of the film is characterized by the rod area density, defined 

as the total area of ZnO nanorods per unit area. Two factors contribute to the rod area density, the 

average diameter of ZnO nanorods and the number density of nanorods. In general, both the average 

nanorod diameter and rod area density increased with growth time. From the solution containing 
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only zinc nitrate and HMTA, randomly oriented ZnO nanorods formed after hydrothermal growth 

and the intercrystal porosity is high. In contrast, films grown from solutions with Cl- additions 

showed not only larger nanorod diameters, but also higher rod area densities at all growth times 

(Figures 5.4 c-h and Figure 5.5). For example, after 1 h of growth, the nanorods grown from all 

three Cl- ion containing solutions exhibited average diameters greater than 100 nm and rod area 

densities of ~70%, 82%, and 55% were achieved with [Cl-]:[Zn2+]=1, 1.5, and 2, respectively. The 

rod area density resulting from the Cl--free solution was only ~23%. After 5 h of growth, ZnO films 

grown from solutions containing Cl- ions were composed of closely packed, aligned single crystals 

with few intercrystal channels, and crystal coalescence occurred at several sites, indicated by 

arrows in Figures 5.4d, f, and h. The average diameters of nanorods in Cl--containing solutions 

were approximately twice as large as those in Cl--free solutions. Also, the rod area density increased 

by at least 10% using Cl- ions. The above general phenomena indicated that ZnO growth in 〈101̅0〉 

was promoted by Cl- ion additions.  
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Figure 5.4: SEM images showing the morphology of the ZnO thin films formed on nanoparticle 

seed layers (glass substrates) from zinc nitrate and HMTA solution with different Cl- 

concentrations after 1 h and 5 h growth. a) and b) [Cl-]/[Zn2+]=0; c) and d) [Cl-]/[Zn2+]=1; e) and 

f) [Cl-]/[Zn2+]=1.5; g) and h) [Cl-]/[Zn2+]=2. 
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By comparing films grown from solutions with different Cl- concentrations, an optimized 

process for short-time hydrothermal growth was established. Thin films grown in the solution with 

[Cl-]:[Zn2+]=1.5 showed the highest rod area densities for all growth times (Figures 5.4e, f and 

Figure 5.5b). In particular, during the first hour of growth, the rod area density reached 80% due to 

the coalescence of large diameter nanorods. Although solutions with [Cl-]:[Zn2+]=1 yields slightly 

larger average diameters after 5 h growth, solutions with [Cl-]:[Zn2+]=1.5 were more effective for 

short time synthesis of high-density films based on rod area density measurements. When 

[Cl-]:[Zn2+]=2, the average diameter decreased relative to solutions with [Cl-]:[Zn2+]=1.5. 

Furthermore, patches of electron transparent hexagonal plates were found on the top of the films 

(Figure 5.6). The formation of similar ZnO platelets has been reported previously by Govender et 

al and Hong et al.110,116 These platelets consume the Zn2+ ions and quenched the growth of nanorods 

beneath them, leading to the formation of nanorods with smaller diameters. 

 

Figure 5.5: Plots of a) average rod diameters and b) rod area density in films formed under 

different conditions. 

 

Figure 5.7 shows SEM images of FIB cross-sections of the films grown from solution with 

different [Cl-]/[Zn2+] ratios corresponding to the top views in Figure 5.4. A Pt layer was deposited 

on the top of the films to minimize beam damage of the film surfaces during milling, and define 
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the nanorod growth profiles. In Figure 5.7, three distinct layers can be seen in each fabricated 

structure: a porous seed layer (SL), a dense layer (DL) and a nanorod layer (NRL). The total film 

thicknesses (DL+NRL) and RDL of the four types of films were 1.57±0.5 µm and RDL = 0.2 

([Cl-]/[Zn2+]=0); 1.75±0.06 µm and RDL = 0.6 ([Cl-]/[Zn2+]=1), 1.61±0.05 µm and RDL = 0.7 

([Cl-]/[Zn2+]=1.5), and 1.04±0.07 µm and RDL = 0.4 ([Cl-]/[Zn2+]=2). Solutions with 

[Cl-]/[Zn2+]=1.5 therefore produced films with the highest RDL. 

Texture analysis was performed on films grown for 5 h in solutions of zinc nitrate and HMTA 

(without Cl-), and zinc nitrate and HMTA with [Cl-]/[Zn2+]=1.5. The equal area inverse pole figures 

for the sample normal direction are illustrated in Figure 5.8. Figure 5.8b shows that the MRD of 

the 0001 pole in ZnO film grown from solution of zinc nitrate and HMTA was 1.5, indicating the 

absence of a preferred orientation after hydrothermal growth from the randomly oriented seed layer 

(Figure 5.8b). However, when the Cl- ions were added to the solution, the resulting film had a MRD 

of 4.3 along the 0001 pole normal to the sample surface, showing a much stronger preferred 

orientation. The increase of MRD value, from ~1 to 4.3, was correlated with the effects from Cl- 

ions. During hydrothermal growth, nanorods oriented perpendicular to the substrate can grow 

continuously while tilted nanorods gradually impinge into adjacent vertical nanorods. The 

impingement frequency is determined by the nanorod number density and average diameter. The 

increase in nanorod diameter associated with Cl- addition increased the impingement frequency of 

the tilted and vertical nanorods. The resulting decrease in the tilted nanorod population led to the 

increased film fiber texture associated with Cl- addition. Therefore, the addition of Cl- ions 

effectively increased the continuity and the texture of ZnO films, and the highest density films were 

produced with [Cl-]/[Zn2+]=1.5. 
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Figure 5.6: Patches of electron transparent hexagonal plates formed on the top of films grown 

from solution with [Cl-]/[Zn2+] =2. Glass substrate was used. 

 

 

Figure 5.7: Cross-section images of ZnO films grown from the following solution after 5 h. a) 

[Cl-]/[Zn2+]=0, b) [Cl-]/[Zn2+]=1, c) [Cl-]/[Zn2+]=1.5, and d) [Cl-]/[Zn2+]=2. Pt, NRL, DL, and SL 

represent ion-beam deposited platinum layer on the top of films, the low density nanorod layer, 

the dense film layer, and the seed layer, respectively. 
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Figure 5.8: a) Schematic illustration of the reflection mode GADDS measurement. Equal area 

inverse pole figures in sample normal directions of films grown in different solution conditions 

(left to right): b) film grown from solution of zinc nitrate and HMTA (1:1, 0.05 M), 5 h, and film 

grown from solution with zinc nitrate and HMTA with [Cl-]/[Zn2+]=1.5 and pH=5.4±0.1, 5 h; 

and c) film growth from solution of zinc nitrate and HMTA with [Cl-]/[Zn2+]=1.5 and 

pH=4.8±0.1, 1 h, and film grown from the same solution for 2 h. 

 

In order to confirm that it is Cl- ions rather than K+ ions influence the anisotropic growth of ZnO, 

we compare the morphologies of films grown from solutions with KCl or NH4Cl. The films were 

grown from solutions with Zn(NO3)2, HMTA, and NH4Cl ([Zn2+]: [HMTA]:[Cl-]=1:1:1.5, 

pH=4.8±0.1) for 1 h and 2 h. As seen in Figures 5.9a and b, the lateral growth of ZnO nanorods 

was also enhanced by adding NH4Cl. Therefore, Cl- ions should play a dominant role in changing 

the grain growth of ZnO nanorods. 



105 

 

 

 

 

Figure 5.9: SEM images of ZnO films grown on nanoparticle seeds (glass substrates) from 

solution with Zn(NO3)2, HMTA, and NH4Cl ([Zn2+]: [HMTA]:[Cl-]=1:1:1.5, pH=4.8±0.1). (a) 1 

h growth and (b) 2 h growth. 

 

Figure 5.10 and Figure 5.11 are XPS results of a ZnO thin film grown from solution of zinc 

nitrate and HMTA with [Cl-]/[Zn2+]=1.5, pH=4.8±0.1. The in-situ sputtering process helped the 

measurement of composition and phase changes throughout the sample thickness. As shown in 

Figure 5.10, the spectra show primarily Zn 2p and O 1s features, along with small C 1s and Cl 2s 

features on the sample surface. Although the C contamination is a big issue for XPS samples, the 

amount of C decreased significantly after sputtering. Figure 5.11 shows the Cl 2p, Zn 2p and O 1s 

peaks at different sputtering time. The O 1s peak can be deconvoluted into two peaks, Zn-O at 

530.7 eV and Zn-OH at 532.5 eV. The major peak for all spectra is the Zn-O peak, indicating the 

major material in the film is ZnO rather than Zn (OH)2. The existence of Zn-OH peak is reasonable, 

since Zn(OH)2 is the precursor that forms ZnO and H2O. The peak intensity of Zn-O increases and 

the peak intensity of Zn-OH decreases with the sampling depth, indicating that the conversion from 

Zn(OH)2 to ZnO occurred inside the film while it was growing. This also has been confirmed by 

Nicolas et al.117 The Zn 2p peaks do not change in position and intensity as the sampling depth 

increases. The intense Zn 2p3/2 represents the Zn2+ divalent state which corresponding to both 

Zn(OH)2 and ZnO phases. The intensity did not changed between spectra, indicating that the 
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amount of Zn(OH)2 is small relative to ZnO. Otherwise, as reported in study of Pradhan et al., the 

intensity should change due to the higher mass density of Zn in ZnO compared to that in 

Zn(OH)2.118 The Cl is very small compared to Zn and O in the film, but the Cl 2s feature can be 

seen through the whole film, as shown in Figure 5.11. The Cl 2p peak consists of Cl 2p3/2 and Cl 

2p1/2 features, with a spin-orbit splitting of ~1.6 eV. Due to the low concentration, the peaks are 

broad. Note that the intensity of Cl peaks is high at the sample surface. The existence of Cl 

throughout the film thickness and the higher intensity near the surface reveals that the Cl- ions 

played an important role in changing the ZnO (0001) planes during the hydrothermal growth. In 

contrast, no K features can be found in any spectra during the sputtering, although the same amount 

of K+ ions as Cl- ions were added into the solution.  

The growth mechanism of ZnO nanorods in solution without and with Cl- ions is shown 

schematically in Figure 5.12. The common crystal habits in ZnO include a basal polar oxygen plane 

(0001̅), a tetrahedron corner-exposed zinc polar plane (0001) and six symmetric nonpolar {101̅0} 

planes parallel to the c-axis. When the solution of zinc nitrate and HMTA is used, the surface charge 

of the Zn-terminated plane generates a double layer of OH-/Zn2+, and Zn(OH)2 acts as the precursor 

for the formation of ZnO by the following reaction: 

≡Zn− + H−O−Zn−O−H ↔ ≡Zn−O−Zn− + H2O 

where ≡Zn− is the Zn atom at Zn-terminated planes and H−O−Zn−O−H represents the 

Zn(OH)2.119 Therefore, the growth preferentially occurs on the Zn-terminated (0001) planes.120-122 

The growth rates of different crystallographic directions can be described as 𝑟[0001] > 𝑟[011̅0] >

𝑟[0001̅].120,121,123 Furthermore, being a non-polar chelating agent, HMTA preferentially attaches to 

the non-polar facets of ZnO single crystals.124 The nanorods with high aspect ratios are expected to 

grow under the influence of this selective adsorption effect (Figure 5.12a). Since the seed layer 

does not exhibit a preferred crystallographic orientation, the resulting nanorods are weakly textured. 

The intergrowth of oblique nanorods results in the formation of pores in the film. 
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Figure 5.10: XPS full spectra of ZnO thin film surface (without sputtering) and the interior (with 

ion sputtering). On the sample surface, Cl 2p, C 1s, O 1s, and Zn 2p show up, while inside the 

sample only O 1s and Zn 2p peaks have significant intensity. 
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Figure 5.11: XPS spectra of Cl 2p, O1s, and Zn 2p3/2. The ZnO thin film was ion sputtered from the surface to the bottom during the XPS 

measurement. The spectra going upward from black lines to orange lines were collected with increasing sputtering time. The black lines 

represent the spectra of the film surface, and the orange lines represent the spectra of the film bottom.  
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When negatively-charged Cl- ions are added to the solution, they selectively attach to the Zn-

terminated surfaces. The growth rate along the c-axis decreases while growth in 〈112̅0〉  and 

〈101̅0〉 directions is enhanced (Figure 5.12b). Both the intergrowth of nanorods due to the 

enhanced lateral growth and the diffusion of ions into intercrystal space lead to the formation of 

continuous 2D films. The formation of large ZnO platelets is also consistent with the strong 

adsorption effect of Cl- ions on the polar facets of single crystals when a high concentration of Cl- 

was used ([Cl-]/[Zn2+]=2). Studies involving the effects of Cl- ions on electro-/photochemical 

deposition of /on ZnO also illustrate this proposed mechanism.121,125-127 For example, Podlogar et 

al. stated that the capping effect of Cl- ions resulted in the formation of ZnO nanowalls using 

electrochemical deposition.121 Similarly, Read et al. reported that preferential Cl- adsorption on the 

polar planes of ZnO nanorods led to preferential Au particle deposition on the non-polar planes of 

ZnO during photochemical deposition.125  

 

Figure 5.12: Schematic illustration of 2D film growth from solution (a) without and (b) with Cl- 

ions. The effect of HMTA was drawn based on an article published by Sugunan et al.124 
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5.3.1.2 Effects of Solution pH on Anisotropic Growth 

The pH of a solution can strongly influence the hydrolysis of HMTA. If the selective adsorption 

effects of HMTA and Cl- ions are as illustrated above, the competition between these two effects 

on film growth can be tailored by adjusting the pH of the solution. In this experiment, glacial acetic 

acid and ammonia hydroxide were used to adjust the pH of the optimized solution with 

[Cl-]/[Zn2+]=1.5 and pH=5.4±0.1 at 90°C. Figure 5.13 shows the morphologies of ZnO thin films 

formed in the solutions with pH equals to 4.8 ±0.1 (a-c) and 9.9±0.1 (d-f). At the lower pH, the 

hexagonal ZnO nanorods showed substantial intergrowth, forming a dense and continuous film 

after 1 h of growth. The average diameter of the nanorods increased to almost 1 µm. Compared to 

the average diameter (~280 nm) achieved after 1 h of growth with ([Cl-]/[Zn2+]=1.5) at the original 

solution pH of 5.4, the nanorod diameter increased by a factor of three. The RDL of the film 

(NRL+DL) changed from 0.7 to 1, indicating the formation of a fully dense film with a thickness 

of 1.7 µm, as shown in Figure 5.13c. When the initial pH of the solution was adjusted to 9.9±0.1, 

high-aspect-ratio nanorods formed (Figure 5.13d-e). After 2 h of growth (Figure 5.13f), the overall 

density of the fabricated structure was low and there was no dense layer apparent. The fabricated 

structure consisted only of a porous layer (PL), with a density less than 80%, and a nanorod layer 

(NRL). Given that it is difficult to distinguish the interface where nanorod growth began from the 

seed layer, the porous layer contains both the seed layer and the region below the NRL. The RDL 

equals 0.  

The results of pH adjustment strongly support our model of the roles of the HMTA ligand and 

Cl- ions on ZnO anisotropic growth. At lower pH, hydrolysis of HMTA is accelerated, and thus the 

preferred capping effect from Cl- ions dominates, leading to the formation of larger diameter 

nanorods and substantial impingement. At higher pH, the selective adsorption of HMTA dominates 

due to very limited HMTA consumption. Based on the texture analysis of films grown from 

solutions with [Cl-]/[Zn2+]=1.5 and pH=4.8±0.1, the fiber texture was enhanced by lowering the 
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solution pH. The MRD for the film grown for 2 h at pH= 4.8 ±0.1 was 5.3, higher than the MRD 

of the film grown for 5 h from the solution with [Cl-]/[Zn2+]=1.5 and pH=5.4±0.1 (Figure 5.14b). 

As mentioned above, the accelerated lateral growth, which increased the average diameter of the 

nanorods, contributed to the enhanced fiber texture in the film. An optimized solution was obtained 

in this set of experiments: [Zn2+]=0.05 M, [Zn2+]:[HMTA]:[Cl-]=1:1:1.5, and initial pH=4.8±0.1.  

 

 

Figure 5.13: SEM images of ZnO film acquired from the solution with [Cl-]/[Zn2+]=1.5 at 90oC. 

(a-c) pH=4.8±0.1, adjusted from 5.4±0.1, (d-f) pH=9.9±0.1, adjusted from 5.4±0.1. (a, d) for 1 h 

growth and (b, c, e, and f) for 2 h growth. Films were grown on glass substrates. Pt, DL, PL, and 

SL represent the ion beam deposited platinum layer, the dense layer, the porous layer, and the 

seed layer, respectively. 

 

The focused ion beam images exhibit a better contrast for different materials and pores inside 

the film. The focused ion beam image for the films grown from solution with [Cl-]/[Zn2+]=0 and 

[Cl-]/[Zn2+]=1.5, pH=4.8±0.1 are shown in Figure 5.14. It is clear that the film grown from solution 

with [Cl-]/[Zn2+]=0 is composed of separate nanorods and a very thin dense layer. In contrast, the 

films grown from solution with [Cl-]/[Zn2+]=1.5, pH=4.8±0.1 only has a dense layer above the seed 

layer. 
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Figure 5.14: Focused ion beam images of ZnO films grown on nanoparticle seed layers (glass 

substrates) from solution with (a) zinc nitrate and HMTA, [Cl-]/[Zn2+]=0 and (b) [Cl-]/[Zn2+]=1.5, 

pH=4.8±0.1. NRL, DL, and SL represent the nanorod layer, the dense layer, and the seed layer, 

respectively. 

  

5.3.1.3 Device Fabrication 

By tuning the anisotropic growth of single ZnO nanorods, continuous ZnO polycrystalline thin 

films were obtained from short-time hydrothermal growth. To obtain a fully dense thin film for 

TFT application, a single seed layer of 40 nm nanoparticles was deposited on the p++ Si wafer with 

300-nm SiO2 on the top (Figure 5.15a). After 15 min of hydrothermal growth with the optimized 

solution condition, dense ZnO thin films with a thickness of ~100 nm were obtained (Figure 5.15b). 

These films were fabricated into TFTs for optical and electrical property measurements as 

described below. 
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Figure 5.15: Cross-section of a) a single seed layer on Si wafer (300 nm SiO2/p++ Si wafers) and 

b) ~100 nm ZnO thin film formed from 15-min hydrothermal growth on the seed layer. Ion-beam 

Pt and e-beam Pt represent the ion beam deposited and electron beam deposited platinum layers, 

respectively. DL is the dense layer. 

 

The dense ZnO film in Figure 5.15 was more than 80% transparent in the visible spectrum, as 

shown in transmittance measurements (Figure 5.16a). This is comparable to studies by Kim et al. 

and Li et al., in which much thinner films (few nm) were fabricated via direct solution routes.96,97 

To determine the optical band gap of the ZnO thin film, a relationship in which the absorption 

coefficient () of ZnO is a parabolic function of the incident energy (h) and the optical band gap 

(Eg) was applied:   

 𝛼 (ℎ𝜈) = 𝐴 (ℎ𝜈 − 𝐸𝑔)
𝑛/2 

where A is a function of the refractive index of the material, the reduced mass, and the speed of 

light in vacuum.128 For a direct bandgap semiconductor like ZnO, n is equal to 1. The band edge of 

ZnO was evaluated from a plot of 2 versus h by extrapolating the linear part of the curve to 

intercept the energy axis. The inset of Figure 5.16a exhibits the square of the absorption coefficient 

versus photon energy, showing that the bandgap of the ZnO film was 3.28 eV. This measured 

optical bandgap is smaller than the theoretical value of ZnO (3.37 eV), but it is still within the range 

that has been reported in other similar studies. 118,129 

Electrical characterization was performed by fabricating ZnO TFTs. The drain current (Id)-drain 

voltage (Vd) characteristics of the TFT at different gate voltages (Vg) were plotted in Figure 5.16b. 



114 

 

 

 

Since Ohmic contacts were constructed after depositing the Al contacts on the film, nearly straight 

line Id-Vd curves were obtained. With increasing the gate voltage, the drain current increased as 

well, indicating that the film was n-type. The field-effect mobility, as extracted from the electrical 

characteristics, is 2.730 cm2/V·s at zero back-gate bias. A high current at zero gate voltage may be 

attributed to a high concentration of defects, such as oxygen vacancies and zinc interstitials, in the 

thin film resulting from hydrothermal growth. The performance of ZnO thin film TFTs in terms of 

on-and-off ratio and current may be improved by annealing the films in oxygen at temperatures 

less than 300oC, as reported by Richardson.130  

 

Figure 5.16: a) Transmittance spectrum of ZnO film with ~100 nm thickness on a glass substrate. 

The inset shows the square on the absorption coefficient versus photon energy. b) Current–

voltage characteristics of ZnO film plotted for different back gate biases. Inset shows the 

configuration of devices. 
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5.3.2 Effects of Seed Layers on ZnO Thin Films 

5.3.2.1 Seed Layer Characteristics  

Solution growth is regarded as a cost-effective method to prepare thin films of semiconductor 

materials or transparent conductive oxides. Epitaxial growth or seed-assisted growth were 

employed during the solution growth in order to control the orientation, growth density, and 

properties of the resulting thin films. Epitaxial growth of ZnO thin films on GaN (0001), Au (111), 

and Mg2AlO4 (1010) substrates have been reported.131-133 Despite highly textured films and good 

electronic properties, the single crystal substrates for epitaxy are expensive, or not compatible with 

flexible electronic applications. The pre-deposition of a seed layer of ZnO nanoparticles on the 

substrates is an alternative, cost-effective route to grow the high packing density ZnO thin film. It 

can facilitate the heterogeneous growth of ZnO nanorods and enable the growth of ZnO thin films 

on any substrate compatible with the solution growth condition. This advantage offers the 

possibility to grow ZnO thin films on non-crystalline and/or flexible polymer substrates. In this 

section, the effects of ZnO seed layers on the resulting polycrystalline ZnO thin films are discussed.  

Figure 5.17 shows ZnO nanorods grown from a seed layer compared with ZnO nanorods grown 

on an untreated glass substrate. The use of a continuous seed layer serves as a template for the 

homoepitaxial growth of nanorods, thus efficiently increases the number density of nanorods grown 

on the substrate.   
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Figure 5.17: Anisotropic growth of ZnO nanorods from a solution of zinc nitrate and HMTA after 

5 h on (a) a seeded glass substrate (nanoparticles with diameter ~70 nm) and (b) an unseeded 

glass substrate. The inset is morphology of nanorods at higher magnification. 

 

In this study, two types of seed layers (SL1 and SL2) were prepared by the calcination of 

saturated Zn(Ac)2 precursor film at 350°C and 600°C for 1 h, respectively. Another type of seed 

layer (SL3) was deposited by PLD. Figure 5.18 shows the morphology of the three types of seed 

layers from the top-view and the side-view. The area density of the seed layer can be quantified by 

measuring the intergranular areas and calculating the ratio between the total area subtracted by the 

intergranular area and the total imaging area. The estimated areal densities for SL1, SL2, and SL3 

are 14.3%, 11.1% and 0%, respectively. Due to the coarsening of pores during the higher 

temperature annealing, SL2 has larger gaps between some particles compared to SL1. According 

to the measurement performed on SEM images, the average in-plane diameter of grains in SL1 and 

SL2 are ~10 nm and ~40 nm, respectively. The thickness of SL1 and SL2 is similar to the average 

diameter of the particles, indicating single seed layers were obtained. Since the seed layer deposited 

by PLD is continuous, it is hard to measure the average diameter of the particles.  

The phase purity of the calcinated SL1 and SL2 was confirmed by powder XRD (Figure 5.19). 

All the peaks within 2θ range of 20° to 70° corresponding to (101̅0), (0002), (101̅1), (101̅2), 

(112̅0), (101̅3),  and (112̅2) planes align with the standard XRD pattern of wurtzite ZnO (JCPDS 

79-0206). A HRTEM image of a ZnO grain inside the calcinated SL1 confirms pure ZnO is formed 
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after annealing the Zn(Ac)2 precursors (Figure 5.18f). Based on Scherrer equation (𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
), the 

mean particle size of SL1, SL2, and SL3 are 12.2 nm, 36.3 nm, and 7.9 nm, respectively, which 

match with the measurements on SEM images. The degree of preferred c-axis orientation for the 

seed layers was estimated quantitatively by calculating Harris’s texture coefficient, Chkil, based on 

the XRD data. Chkil is defined as 

𝐶ℎ𝑘𝑖𝑙 = 𝑛
𝐼𝑚(ℎ𝑘𝑖𝑙)/𝐼0(ℎ𝑘𝑖𝑙)

∑ 𝐼𝑚(ℎ𝑘𝑖𝑙)/𝐼0(ℎ𝑘𝑖𝑙)
𝑛
1

 

where 𝐼𝑚(ℎ𝑘𝑖𝑙) and 𝐼0 (ℎ𝑘𝑖𝑙) are the intensities of the measured peak corresponding to the (ℎ𝑘𝑖𝑙) 

in the present sample and in a powder standard sample, respectively, and n (≥1) is the total number 

of diffraction peaks considered in the evaluation. In this study, C0002 is evaluated by using above 

equation and seven diffractions (n=7): (101̅0), (0002), (101̅1), (101̅2), (112̅0), (101̅3), and 

(112̅2), are taken into account for this texture coefficient calculation. C0002 can take value from ~1 

to 7, which are two extremes representing a randomly oriented sample and a perfect oriented sample, 

respectively. Based on the calculation, SL1 and SL2 have similar C0002 are 0.84 and 0.97 

respectively, while PLD has texture value as 7. This means the SL1 and SL2 are randomly oriented, 

while SL3 exhibits a perfect orientation along <0002> direction. Table 5.1 shows a summary of 

structural properties of the above three types of seed layers. 

 

Table 5.1: Structural properties of ZnO seed layers. 

Seed layer 

ID 

Diameter 

(nm) 

Number density 

(#/µm2) 

Porosity (%) C0002  (for n=7) 

(a.u.) 

1 12.2 452 34.0 0.84 

2 36.3 251 42.4 0.97 

3 7.9 N/A 0 7 
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Figure 5.18: Top-view and side-view SEM images of three types of seed layers. a) and b) shows 

top-view and side-view images of SL1. c) and d) shows top-view and side-view images of SL2. e) 

shows top-view image of SL3. f) HRTEM image of a nanoparticle formed in SL1. 
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Figure 5.19: XRD patterns of the seed layers. The notation, Si-w, represents the peak/s 

contributed by SiO2 (300 nm)/Si wafers. The peak/s are attributed to the miscut of Si wafer and 

the existance of crystalline SiO2. 

 

5.3.2.2 ZnO Thin Films Grown from Seed Layers 

The ZnO films were grown from the three types of seed layers in Solution 1 comprising zinc 

nitrate and HMTA, and Solution 2 comprising zinc nitrate, HMTA, and KCl. After 120 min 

hydrothermal growth, all thin films show dominant orientations along [0001], as shown in Figure 

5.20. Although SL1 and SL2 are randomly oriented, the films grown from them in both solutions 
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show textured structure at different levels. When Solution 1 is used, dominant peaks of (0002) and 

small peaks of (101̅0) and (101̅1) are observed in the XRD patterns. When Solution 2 is used, 

only (0002) peaks shows up in the XRD patterns. The film grown from perfectly-oriented SL3 in 

Solution 1 only exhibits the (0002) diffraction, indicating the texture was maintained after the 

hydrothermal growth. The results imply that the perfectly-oriented seed layer directly result in an 

oriented film, and the randomly-oriented seed layers can be grown into oriented films, especially 

when the growth behavior of individual nanorods are modified properly. The next experiment was 

performed to answer what are the major parameters of a seed layer controlling the structure of 

resulting films, and how the randomly-oriented seed layers grow into textured films from solutions. 

 

 

Figure 5.20: p-XRD of films grown on SL1 and SL2 from Solution 1 and Solution 2 and p-XRD 

of the film grown on SL3 from Solution 1. 

 

The effects of seed layers on the resulting films in terms of average size, number density of 

nanorods, thickness, and texture were studied by comparing the films grown from SL1 and SL2 in 
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Solution 1 and Solution 2, respectively. The top-view and cross-sectional SEM images of the 

resulting ZnO films grown in different periods of time are shown in Figure 2.21 to Figure 2.24, and 

the corresponding statistic results of the average nanorod size, the nanorod density, and the film 

thickness are shown in Figure 5.25. The nanorods grown from SL2 have larger diameters than the 

nanorods grown from SL1 on matter which solution is used for growth (Figure 5.21 to Figure 5.25a). 

It can be concluded that the average diameter of individual nanorods have a positive relationship 

with the size of seeds. Another observation is that nanorods grown from Solution 2 on SL1 are 

much larger than those grown from Solution 1 on SL2 beyond 15 min hydrothermal growth (Figure 

5.21, Figure 5.22, and Figure 5.25a). This indicates that rational modifying the anisotropic growth 

of individual nanorods can offset the size effect from the seed layer in order to grow larger nanorods.  

When ZnO thin films were grown from Solution 1, the number density of nanorods grown on 

SL1 is much higher than that grown on SL2 (Figure 5.21 and Figure 5.25b). With the increase of 

the growth time, the number density of nanorods dropped continuously. When ZnO thin films were 

grown from Solution 2, the number density dropped significantly within 30 min growth compared 

to the growth in Solution 1. Beyond 30 min, the number density of rods in films grown from SL1 

and SL2 are similar. There is a positive relationship between the number density of nanoparticles 

in a seed layer and the number density of nanorods grown from it. However, this influence can be 

diminished by changing the solution conditions. The enhanced later growth in Solution 2 

accelerated the geometric selection, which significantly reduced the total number of nanorods. 

The cross-sectional SEM images (Figure 5.23 and Figure 5.24) and the statistics of the film 

thicknesses (Figure 5.25c) show that the films grown in Solution 2 are thinner, but much denser 

compared to the films grown from Solution 1 for both SL1 and SL2 cases. As aforementioned, the 

films grown from both SL1 and SL2 in Solution 2 are more textured compared to the corresponding 

films grown in Solution 1 (Figure 5.20). The films grown from SL2 are less dense, but thicker than 

the films grown from SL1, while films grown from SL1 are more oriented along normal directions. 
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A geometric selection model is introduced to link these phenomena to the size and number 

density of seeds. The prerequisite of geometric selection is that the individual crystals adopt 

anisotropic growth behavior, meaning the crystal growth rate along one specific crystallographic 

direction is much faster than the rates alone the other directions. There are three stages in the 

geometric selection: isolation, competition, and parallel growth. During the isolation growth stage, 

randomly oriented seeds grow independently, corresponding to the growth within 15 min in this 

study. The impingement between nanorods occurs when the crystals grow long enough to touch 

each other. This impingement stop the continual growth of those nanorods with growth direction 

deviated from the normal direction of the substrate. Therefore, only the nanorods with preferred 

orientation align with the normal direction of the substrates survive from this competition stage. 

The growth from 15 min to 120 min correspond to the competition stage. The final stage is parallel 

growth stage when the survival nanorods continually grow along the preferred orientation, resulting 

in a textured film. The growth beyond 120 min should be in this stage. The competition stage is 

when the preferred orientation of the film start to show up. The diameter of nanorods, the distance 

between nanorods, and the number density of nanorods determine when the impingement occurs 

and the frequency of the impingement. Therefore, SL1 which has higher nanorods density and 

smaller distance between the nanorods shows higher level of orientation. In addition, the more 

nanorods formed and impinged, the denser the film will be generated during the competition stage 

and the more survival nanorods continually grow during the parallel stage. This is the reason why 

denser film was grown from SL1 rather than SL2.  

In conclusion, this section focuses on study the effect of the seed layer to the morphology and 

orientation of the resulting film. The randomly oriented seed layer can be used for the growth of 

textured films composed of anisotropic nanorods. The size and number density of the particles in 

the seed layer directly influence the resulting film density and continuity by affecting the size and 

number density of nanorods grown from the seed layer. Modification in the solution condition can 
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enhance or diminish the influence from the seed layer. For example, for SL1 which is composed of 

small nanoparticles (few nm) and high number density of nanoparticles, the use of Solution 2 

compensates the influence of the particle size while enhancing the influence of the number density. 

These results indicated that randomly oriented seed layer which are readily obtained using solution 

processing can be used for the growth of continuous ZnO thin film as long as the size, particle 

number density, and the solution condition are properly selected. This solution method can be 

applied to the growth of polycrystalline films of other crystals showing similar anisotropic growth 

behaviors, such as ZnS, ZnSe, CdS, CdSe, etc. 
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Figure 5.21: Top-view SEM images of ZnO films grown on SL1 and SL2 in solution 1. a)-d) films grown on SL1 for 15 min, 30 min, 60 min, 

and 120 min. e)-h) films grown on SL2 for 15 min, 30 min, 60 min, and 120 min. 
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Figure 5.22: Top-view SEM images of ZnO films grown on SL1 and SL2 in solution 2. a)-d) films grown on SL1 for 15 min, 30 min, 60 min, 

and 120 min. e)-h) films grown on SL2 for 15 min, 30 min, 60 min, and 120 min. 
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Figure 5.23: Cross-section SEM images of ZnO films grown on SL1 and SL2 in solution 1. a)-d) films grown on SL1 for 15 min, 30 min, 60 

min, and 120 min. e)-h) films grown on SL2 for 15 min, 30 min, 60 min, and 120 min. 
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Figure 5.24: Cross-section SEM images of ZnO films grown on SL1 and SL2 in solution 2. a)-d) films grown on SL1 for 15 min, 30 min, 60 

min, and 120 min. e)-h) films grown on SL2 for 15 min, 30 min, 60 min, and 120 min. 
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Figure 5.25: a) Average diameters of nanorods (plotted based on Figure 5.27) , b) number density of nanorods, and c) film thickness versus 

growth time.  

 

 

 

 

(c) (b) (a) 



129 

 

 

5.4 Conclusion 

Continuous and dense polycrystalline ZnO thin films were grown from aqueous solutions under 

low temperature. The solution conditions and the seed layers have profound influences on the 

morphology of the resulting thin films. The effects of Cl- ions and pH adjustment on the growth 

rate anisotropy of single ZnO crystals and the morphology of thin films were examined. Due to the 

capping effect of Cl- ions on the Zn-terminated polar facets, the lateral growth, which is 

perpendicular to [0001] direction, was enhanced significantly during solution growth. ZnO 

nanorods grown from chloride-containing solutions have much larger diameters than those grown 

from chloride-free solutions. The competitive effects of Cl- ions and HMTA on the anisotropic 

growth were confirmed by film growth under pH control. At a lower pH, the selective adsorption 

of Cl- ions was the dominant factor in accelerating the lateral growth, and thus improving the film 

continuity. At a high pH, however, the preferred adsorption of HMTA on the non-polar facets 

enhanced the growth of thinner nanorods. After optimizing the growth condition, dense ZnO thin 

films were grown from the aqueous solutions of zinc nitrate and HMTA with [Cl-]/[Zn2+] = 1.5 and 

pH = 4.8±0.1. ZnO thin films with thicknesses of ~ 100 nm were grown from monolayers of seeds 

within 15 min. A good transparency and field effect were exhibited by the ZnO thin films, 

indicating the potential of using this solution method to fabricate printable electronics. 

The effects of seed layers were studied. The size, number density, and orientation of 

nanoparticles in a seed layer directly determine the diameter, number density, and orientation of 

nanorods formed in the resulting film. The geometric selection mechanism explains how textured 

films grow from randomly-oriented seed layers during solution growth. It has been demonstrated 

that a dense and textured ZnO film can be grown from a randomly-oriented seed layer with a high 

nanoparticle number density (SL1 in this study) in the solution containing Cl- ions. This advantage 

offers the opportunity to grow ZnO thin films on non-crystalline and/or flexible polymer substrates.  
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5.5 Supporting Information 

 

 

Figure 5.26 Cross-sectional SEM image of a ZnO film grown from SL3 after 120-min solution 

growth. 
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Figure 5.27: Distributions of nanorod diameters in films grown from SL1 and SL2 in Solution 1 (a and c) and Solution 2 (b and d).
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CHAPTER 6. CONCLUSION  

In this work, direct solution methods based on novel amine-thiol solvent mixtures have been 

developed to manufacture earth-abundant CZTSSe thin-film solar cells. The phase transformation 

and microstructural evolution from precursor films to CZTSSe polycrystalline films have been 

studied to gain insights in the relationship of processing-structure-performance of the CZTSSe 

absorber layers.  

A primary amine-thiol solvent system is found for the rapid dissolution of metal salts, 

organometallic compounds, chalcogens, and chalcogenides. A CZTSSe molecular precursor was 

prepared by dissolving CuCl, ZnCl2, SnCl2, S, and Se in a solvent mixture of HA-PT at room 

temperature. After deposition and annealing processes, kesterite CZTS phase was formed with no 

secondary phases detected. The kesterite CZTS was converted into a high-crystallinity CZTSSe 

phase after selenization. The homogeneity of the precursor solution ensured phase purity in final 

films, and thus good solar cell performances. With this molecular precursor route, a power 

conversion efficiency of 7.86% (8.09%) has been achieved on a total area of 0.47 cm2 (an active 

area of 0.456 cm2) under AM 1.5 illumination.  

Despite the extremely low solubilities in most organic solvents, bulk metals (e.g. Zn, Cu, Sn, 

and In) and metal chalcogenides (e.g. Cu2S, Cu2Se, CuS, SnS, SnSe, In2S3, In2Se3, Ag2S, and Ag2Se) 

dissolve at high concentrations in primary-dithiol solvent mixtures at ambient conditions. Desired 

binary, ternary, and quaternary thin films, such as CuS, SnS, ZnS, Cu2Sn(SxSe1-x)3 and 

Cu2ZnSn(SxSe1-x)4 (0≤x≤1), were successfully deposited using the as-dissolved solutions or 

mixtures of constituent solutions. CZTSSe precursor solutions containing dissolved Zn, Cu/copper
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 sulfide/selenide, and Sn/tin sulfide/selenide in HA-EDT solvent mixtures were used for solar cell 

fabrication, and a solar cell PCE of 7.02% on a total area of 0.483 cm2 has been achieved. Without 

introducing any impurity ion (e.g. O2- or Cl-) in the absorber layers, this solution route becomes a 

robust and alternate approach to hydrazine-based solution route.  

To understand the phase transformation and microstructural evolution during the heat treatment 

of solution-processed CZTSSe films, the precursor films were characterized under HRTEM after 

annealing, and the precursor films were selenized for different periods of time, and then 

characterized in terms of phases, compositions, and morphology. After annealing at low 

temperature, the solution-deposited film is composed of CZTSSe nanoparticles (1-4 nm) and 

amorphous materials. Within the first 5 min of selenization, the Se vapor has condensed and 

diffused throughout the precursor film. The large selenide grains nucleated at the top of the 

precursor film, then grew downward, forming a large-grained layer. The precursor film kept 

shrinking due to the out diffusion of Cu, Zn, and Sn to the large-grained layer. The densification in 

the final stage of selenization created a continuous film with a low porosity, which is desired for 

high-efficiency solar cells. The liquid-phase assisted grain growth is indicated by three facts during 

the selenization: 1) rapid cation transportation to the reaction front leads to the fast grain growth; 

2) the maxima of Se concentration profile corresponds to where the large-grained layer ends; 3) a 

Se-rich fine-grained layer is formed after the final stage of selenization. 

Solution-processed ZnO thin films are promising candidates for low-cost thin-film electronics. 

In this study, growth rate anisotropy of ZnO crystals and the film morphology were tuned by 

varying the concentrations of Cl- ions and the initial pH of solutions. By using an optimized growth 

condition, [Cl-]/[Zn2+] = 1.5 and pH= 4.8 ± 0.1, dense ZnO films were fabricated within 15 min of 

solution growth. These films show >80% optical transmittance and field-effect mobilities of 

~2.70 cm2 V−1 s−1 at zero back-gate bias. The effects of seed layers were investigated systematically. 

The diameter, number density, and orientation of nanorods formed in thin films are influenced by 
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the size, number density, and orientation of nanoparticles in seed layers. However, it has been 

demonstrated that dense and textured ZnO films can be grown from randomly-oriented seed layers 

with high nanoparticle number densities by improving the lateral growth of individual nanorods. 

This advantage offers the opportunity to grow ZnO thin films on non-crystalline and/or flexible 

polymer substrates.  
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