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 Copper sulfides (CuxS) are compound semiconductor materials that exhibit 

considerable optical and electrical properties varying significantly as a function of the 

composition. Copper sulfide thin films can be used in many applications, such as solar 

control coatings, solar cells, photothermal conversion of solar energy, 

electroconductive coatings, and microwave shielding coatings.  A variety of solution-

based and vapor-based techniques are suitable for their deposition. Solution-based 

processes have the advantages of simplicity, low capital cost, and low processing 

temperature. In this work, copper sulfide thin film deposition by a number of solution-

based processes was investigated. These processes include chemical bath deposition 

(CBD), Microreactor Assisted Solution Deposition (MASD), and PhotoChemical 

Deposition (PCD).  

The growth kinetics of copper sulfide thin films by CBD was monitored using 

an in-situ quartz crystal microbalance for the first time. CBD growth was studied as a 



function of time, temperature, concentrations of reactants, and pH. The reaction 

activation energy was determined based on initial growth rates. The result indicates 

the rate limiting step of the deposition is the chemical reaction rather than mass 

transport. The structure, morphology, composition and optical absorption of the films 

were found to depend strongly on the deposition conditions.   

 Results from the study of CBD reactions indicated the need to de-reduce the 

undesirable homogeneous particle formation. The MASD process was developed to 

achieve this objective. The continuous flow process together with the microreactor 

design not only improve the mixing of reactants and provide a better temporal control 

over the reaction which result in higher quality films and a higher deposition rate. A 

particle-free flux was obtained after adjusting the key process parameters 

(concentration of mixed reactants, solution temperature, substrate temperature, and 

residence time). Significantly improved copper sulfide thin film deposition with a 

good selectivity of heterogeneous surface reactions was achieved.  

 PCD basically employs the UV illumination to excite the irradiated region of 

the substrate in a deposition solution. It has the potential to reduce the homogeneous 

particle formation. We investigated the growth kinetics of copper sulfide thin films by 

PCD under various deposition conditions (e.g. pH, substrate position, reactant 

concentration, deposition time, and temperature) that influence on the film properties 

and characteristics. Moreover a detailed mathematical model that describes the 

multiple chemical reactions in the deposition mechanism was also developed in this 



work to have a better understanding of the reaction mechanism. Reaction rate 

constants were successfully estimated from the experimental data based on this model. 

The calculated results agree well with the experimental data. This model could serve 

as a useful tool for the control and optimization of photochemical deposition of copper 

sulfide thin films.   

 Both CBD and PCD processes suffer from severe homogeneous particle 

formation which has resulted in lower deposition rate.  In contrast, MASD provides 

good selectivity towards heterogeneous surface deposition using molecular precursors 

at a much higher deposition rate. Thus MASD process was used to deposit copper 

sulfide layers on textured substrates with nice conformal coverage. Dense, crack-free 

CuInSe2 thin films were fabricated successfully after adding an indium precursor 

layer, and followed by a selenization process. This approach offers a potential low-

cost route to fabricate thin absorber solar cells.  
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Growth, Characterizations an Applications of Copper Sulfide Thin 

Films by Solution-Based Processes 

CHAPTER 1 

INTRODUCTION 

 Metal chalcogenide thin films, including metal sulfides, metal selenides, and 

metal tellurides, have drawn much attention from researchers and become important 

technological materials over the past several decades. Exemplary materials like CdS, 

ZnS, CdTe, and CuInSe2 possess unique electrical and optical properties that could be 

used for wide-range applications, for example solar control coatings, solar energy 

conversion, microelectronic devices, sensors, etc. This work focuses on the deposition 

of copper sulfide (CuxS) thin films using various solution-based processes. Copper 

sulfide thin films are one of the potentially useful p-type semiconductor materials due 

to the variation in properties depending on the stoichiometry, 1  x  2, with the 

optical band gap ranging from 1.2 - 2.5 eV 
5-7

. Different phases of CuxS exhibit a 

considerable variations of optical and electrical properties, therefore they can be used 

in different potential applications such as solar control coatings, solar cells, 

photothermal conversion of solar energy, electroconductive coatings, microwave 

shielding coatings, and etc. 
5,8-11

.  

 Copper sulfide thin films could be prepared by a variety of methods, including 

solution-based techniques (for example, successive ionic layer adsorption and reaction 
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(SILAR), photochemical deposition, electrodeposition, chemical bath deposition 

(CBD), etc.) and gas phase techniques (e.g. chemical vapor deposition (CVD), thermal 

co-evaporation, spray pyrolysis, etc.) 
8,9,12-17

. Solution-based techniques require 

simpler and much lower capital cost equipment and also have reduced environmental 

impact compared to many gas-phase methods. Therefore, solution-based deposition 

methods are being considered as low-cost alternatives of gas phase techniques 
9,16-18

. 

In this proposed work, chemical bath deposition (CBD), microreactor-assisted solution 

deposition (MASD), and photochemical deposition (PCD) techniques have been 

investigated and developed to synthesize high-quality thin films of CuxS. In addition, a 

study of reaction kinetics using an in-situ quartz crystal microbalance measurement 

under various deposition conditions have been investigated to optimize the deposition 

of resulting thin films as well as to elucidate the reaction mechanism for a better 

understanding of the solution processes. 

1.1 Solution-based Processes 

 Among various solution-based techniques, CBD is one of the most widely used 

techniques for the deposition of CuxS thin films 
15,19-24

. In a typical batch CBD 

process, CuxS thin films are deposited by simply immersing the substrates in a dilute 

solution containing copper and sulfur reactive species. The reaction is thermally 

activated and precipitation of the solid phase occurs due to the supersaturation in the 

reaction bath. CBD tends to be an advantageous and attractive technique to deposit 

semiconductors as it does not require sophisticated instrumentation with low-
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temperature operating conditions. Its controllable technique and ability to deposit 

reproducible and good quality thin films in large areas are also added attraction of this 

method. In this work, growth of CuxS by chemical bath deposition was monitored 

using a quartz crystal microbalance in real time as a function of time, temperature, 

concentrations of reactants, and pH. The reaction activation energy was determined 

based on initial growth rates. 

 Though there have been various reports about CuxS thin films deposition by 

CBD, a study of growth mechanism has not been very well investigated and clarified. 

Therefore, the elucidation of growth kinetics as well as mechanism that takes place 

during the process is important for a better understanding in details in order to obtain 

the optimized deposition condition, i.e. the high quality and the properties of the 

resulting film. Despite many advantages of CBD, it suffers from some major 

drawbacks. Since the heat required to apply to the sample surface is supplied through a 

bulk of solution, this results in both heterogeneous nucleation at the surface as well as 

homogeneous particle formation in the bath, causing a lot of waste.  

 The microreactor-assisted solution deposition is an alternative technique that is 

developed to overcome the drawbacks associated with a typical batch CBD process. 

The microreactor assisted to the setup offers an efficient mixing of the reactant 

streams and helps to control the homogeneous reaction before the solution impinges 

on a substrate. In addition, ensuring desired yield and selectivity of a process 

necessitates providing adequate time for all the reactants to complete the reaction 
25

. 

The continuous flow process involves multiple-stage reactions including 
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homogeneous particle formation reaction and molecular level heterogeneous surface 

reaction. It is necessary to identify the optimum condition by independently 

controlling the temperature of the solution and the substrate, the concentration of 

mixed reactants, and the flow rate (residence time), in order to obtain a particle-free 

flux in a reactant stream in which it facilitates the heterogeneous reaction. From this 

distinct advantage, a high quality and a high yield of deposited CuxS thin films can be 

obtained.  

As mentioned earlier that the well-known CBD has the disadvantage of poor 

controllability of the rate of reaction once it starts. The product is deposited from a 

supersaturated solution continuously everywhere in the solution, even on the container 

wall. Photochemical deposition is another developed solution-based deposition 

technique that was proposed to overcome some of the restrictions of the popular CBD 

technique. For the PCD of metal sulfide thin films, thiosulfate ion is a key component 

which acts as a reducing agent that can be activated by the UV light and the oxidation-

reduction reactions are induced, generating elemental sulfur (S) and solvated electrons 

(e
-
) as the main reacting components into the solution. The compound thin film can be 

deposited only on the irradiated region of the substrate, leading to a low waste 

generation. The equipment of PCD is very simple, inexpensive, easy to scale up, and 

the deposition process can be controlled by turning on and off a light. In addition, 

PCD from liquid phases can be applied to a very broad range of materials because 

precursors are simply soluble in solutions. This flexibility offers the opportunity to 

deposit a large variety of materials including noble metals, semiconductors, metal 
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oxides and hydroxide, polymers, and bio-organic complexes. Investigation of the 

growth kinetics and mechanism is essential for a better understanding in the growth 

details under various deposition conditions e.g. pH, substrate position, reactant 

concentration, deposition time, and temperature). In this work, a detailed and 

developed mathematical model is present to describe the multiple chemical reactions 

involved in the PCD mechanism. The model can be used as an analytical tool for 

kinetics parameter estimation based on the experimental data as well as the 

determination of CuxS growth rate and final film thickness under different conditions.  

1.2 Copper-Sulfur System 

At room temperature, five stable phases of CuxS are known to exist in the bulk 

form: CuS (covellite), Cu1.75S (anilite), Cu1.8S (digenite), Cu1.96S (djurleite), Cu2S 

(chalcocite). In chalcocite, the value of x in CuxS is known to vary between 1.997 - 2, 

where the samples with higher x values are referred to as high chalcocite while those 

with lower values are referred to as low chalcocite. As well as djurleite, the 

composition x is ranging from 1.94 - 1.97 and they are refered to as high djuleite and 

low djurleite 
26

.  

The equilibrium phases of the copper-sulfur system is shown in Fig. 1.1 (a-b) 
1
. 

According to the chemical composition, the copper-sulfur phase diagram shows the 

existence of Cu2-xS, Cu7S4, and CuS phases. The copper richest sulfide Cu2-xS exists in 

four crystallographic modifications. The low-temperature phase exhibits monoclinic 

structure and is denoted as low-chalcocite (αCh). This phase is stable up to 
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temperatures between 90 - 104°C, depending on the chemical composition x (Fig. 

1.1(b)). At temperatures above 90°C, the hexagonal phase of Cu2-xS denoted as high-

chalcocite (βCh) is stable. The third known polytype of Cu2-xS is the cubic phase 

called digenite (Dg-Cu2-xS). This phase is stable between temperatures of 72 - 1130°C. 

The fourth known modification of Cu2-xS is an orthorhombic phase denoted as 

djurleite (Dj), which is stable up to a temperature of 93°C. The compound Cu7S4 

denoted as anilite (An) is stable up to 75°C. The sulfur richest copper sulfide, CuS 

(covellite, Cv), is stable up to a temperature of 507°C.  

 

(a) 
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(b) 

Fig. 1.1. (a) The binary phase diagram of copper-sulfur system and (b) The enlarged 

view of copper-sulfur equilibrium diagram from 0 - 160°C and from Cu:S ratio of 1.7 

– 2.1 
1
. 

 Covellite phase consists of six formula units in the unit cell with four copper 

ions having tetrahedral coordination and two with triangular coordination, as 

represented in Fig. 1.2(a). The crystal structure is characterized by covalent S-S bonds 

which join alternate layers of CuS3-Cu3S together. Generally, chalcocite and djurleite 

are physically difficult to distinguish from each other. Their crystal structures are 

similar 
26

. The crystal structure of chalcocite is presented in Fig. 1.2(b), where the 

hexagonal layers containing alternating copper and sulfur ions forming the rings. 
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             (a) 

 
(b) 

Fig. 1.2. (a) The crystal structure of covellite (CuS) and (b) The crystal structure of 

chalcocite (Cu2S). Large open circles are sulfur atoms and small black circles are 

copper atoms 
2
. 
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1.3 Copper Indium Diselenide Thin Films 

 Photovoltaic cells have been drawn extensive attentions as a desirable 

alternative of a new energy resource to fossil fuels. However, currently a large-scale 

implementation is not economically feasible because of the high processing cost as 

well as suffering from poor energy efficiency. One of the cost reduction possibilities 

can be achieved by reducing the absorber layer thickness as it reduces the amount of 

start materials needed. Ternary semiconductor compounds offer an extended chances 

to achieve required properties, e.g. a tunable band gap, by modifying the composition 

of the film, as compared to binary compounds. Currently, ternary copper indium 

diselenide (CuInSe2) has demonstrated a promising absorber material for a new 

generation of cost-effective and high efficiency polycrystalline thin-film solar cells. 

 An efficient non-vacuum deposition process to prepare CuInSe2 thin films can 

provide many advantages over the high cost of vacuum-based processes because of the 

simpler and lower-temperature operation. Our solar cell fabrication approach is based 

on the solution processes and  the concept of depositing CuInSe2 thin film on a 

textured Si surface. This newly developed route offers a potential lower capital cost 

and lower environmental impact. In addition, it allows using thinner absorber layers 

because textured surface of Si enhances the effective absorption of the incoming light. 

From these standpoints presented, a low-cost MASD process has been developed to 

deposit CuxS layer which could be incorporated well with spin coating deposition of 

InCl3 layer and the final step of selenization. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Chemical Bath Deposition (CBD) 

 Chemical bath deposition is a widely used method in which semiconductor thin 

films are deposited on substrates immersed in solutions containing metal ions and a 

source of chalcogenide ions. CBD or sometimes called chemical solution deposition 

(CSD) technique is analogous to chemical vapor deposition (CVD) which is widely 

used in the semiconductor industry. The fundamental growth mechanism is also 

similar to that of a CVD process that involves mass transport of reactants, adsorption, 

surface diffusion, reaction, desorption, nucleation and growth. This technique offers 

numerous advantages over the more established vapor phase routes. The ability of 

CBD to coat large area of high quality thin monocrystalline films is reproducible at 

relatively low temperature (generally lower than 80°C) and low cost process.  

 The earliest report of chemical bath deposition of chalcogenide compound thin 

films dates back to 1884 when Emerson-Reynolds deposited PbS films from thiourea 

(thiocarbamide) and alkaline lead tartrate 
3
. Thiocarbamide was used as a sulfur source 

that could be easily desulfurized by certain metallic oxides and hydroxides to form the 

corresponding sulfides. He found out that when thiocarbamide was heated in an 

alkaline solution of lead hydrate, lead sulfide was separated and formed a firm and 

adherent layer on the sides of the vessel. This observation was traced as the first 
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attempt to deposit a material on the surface of a substrate. A wide range of substrates, 

apart from a glass beaker, was then also successfully used for this deposition. Since 

then it has inspired many researchers to initiate work in this area. Replacing thiourea 

by its selenium analogues allowed the fabrication of selenide compounds as first 

introduced for PbSe films. For a period of time CBD was limited to PbS and PbSe 

films. The subsequent progress in this area was initiated as CdS in 1961 and widely 

reported. The number of metal chalcogenides deposited by CBD was gradually 

extended, particularly in the 1980s, including sulfides, selenides, oxides, and also 

many ternary compounds. Extensive recipes and reviews for the CBD were reported 

over 20 different compounds as well as the feasibility of producing multilayer films, 

which annealing helps promoting interfacial diffusion of metal ion and a new material 

is produced for example CdS-PbS and CdS-ZnS resulting in CdxPb1-xS and CdZn1-xS, 

respectively.  

 Among the first applications of semiconductor thin films deposited by CBD, 

infrared photoconductivity of PbS and PbSe films was reported nearly a century ago. 

The application was continued on to the subsequent investigations in lead 

chalcogenide films. During World War II PbS and PbSe were further developed in 

infrared photoconducting detectors and CBD still remained the main technique used in 

making commercial products. Until 1961 when CdS became the most widely and 

majorly reported among other materials in CBD, however the photodetector 

applications of CdS were confined to screen-printed and sintered layers, while CdSe 

thin films were found appropriate for photodetector applications. In the late 1970s and 
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early 1980s the motivation has been focused prospectively on solar energy 

applications. One of the earlier developments toward this emphasized in solar absorber 

coatings, followed by such coatings in evacuated glass tubular collectors and 

subsequently solar control coatings. Most of the work in this field has been carried out 

most recently by Nair’s group using various semiconductor films, mainly PbS and 

CuxS. Chemically deposited CdS thin films were first introduced in thin-film PV cells 

by CBD 
27

 and made superior properties compared with the earlier evaporated CdS. 

Later on, researchers demonstrated their work by making high efficiency CuInSe2 and 

CdTe based thin film cells.  

 Up to now, a growing interest for chemical bath deposition is increasing as an 

alternative or complementary technique to more developed ones for metal 

chalcogenide thin film deposition. In addition to the characterization of materials, 

currently more investigation is focused on basic aspects of the deposition and reaction 

mechanisms. CBD has been shown to be particularly successful in preparing high 

quality CdS films with the extensive mechanistic and kinetic study. Thus CdS 

provides a good reference position for understanding the general principles of CBD 

and will be discussed in more detail in section 2.5.2. 

2.2 CBD of Copper Sulfide 

 Copper sulfide thin film is the major focus of this dissertation. According to 

the literature references, the CBD copper sulfide with good quality usable films can be 

prepared from a wide range of chemical bath compositions and also from different 
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acidic and alkaline bath solutions. Table 2.1 shows a summary of bath compositions 

for CBD copper sulfide, including copper salt, sulfide sources, and complexing agents 

used in the literature. The pH of the bath solution is also reported.  

Table 2.1 Summary of reported bath formulations for CBD copper sulfide. EDTA = 

ethylenediaminetetraacetic acid, TEA = triethanolamine, NH3 = ammonia solution, TU 

= thiourea, DiTU = dimethylthiourea, TA = thioacetamide, SC = sodium citrate, en = 

ethylenediamine 

Copper salt Sulfide 

sources 

Complexing 

agents 

pH Reference 

CuCl2 TU TEA/NH3 - 
3,5,8,14,19,20,22,

28
  

CuCl TU EDTA 8.5-11.5 
29

 

Cu(NO3)2 TU TEA/NH3 - 
30

 

CuSO4 TU TEA/NH3 9.4 
24

 

Cu(en)2(ClO4)2 TU - - 
31,32

 

CuCl2 TA SC - 
23

 

CuCl2 DiTU  - 
33

 

CuSO4/Cu(NO3)2 Na2S2O3 - 5 
21,34

 

CuSO4 Na2S2O3 EDTA 1-2 
35

 

CuSO4 Na2S2O3 EDTA 2.2-2.3 
16

 

CuSO4 Na2S2O3 - 5 
15,36

 

CuSO4 Na2S2O3 EDTA 2-3 
37

 

CuCl2 Na2S2O3 - 2-4 
36

 

 

 The sulfide source in CBD is the factor which distinctively determines the 

condition of the bath, acidic or alkaline. From the different sulfur sources listed in 

Table 2.1, sodium thiosulfate presents in acidic solutions while a wide range of sulfide 

sources are reported to be used in alkaline solutions, thiourea is found to be mostly 
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used. The pH of the bath solution has been shown to be important in the preparation of 

many metal chalcogenide materials. CBD of copper sulfide from alkaline baths, with a 

pH of about 10, is considered to be the optimum condition for producing high quality 

films. The addition of sodium hydroxide solution is used to adjust and ensure that the 

CBD baths were alkaline. Moreover, the use of a buffer to control the pH during the 

deposition process would be a logical proposition.  

 The present of complexing agent is necessary in CBD. Ligands which are 

generally used are triethanolamine (TEA), ammonia, EDTA, sodium citrate, etc. The 

formation of complex is generally formed prior to the addition of the sulfide reagent 

and is the key factor to control the rate of the reaction. The immediate precipitation of 

the metal ions in the solution can be avoided when anions are added to it. Most of 

these processes are carried out in an alkaline solution baths. Supplying two different 

complexing agents in the same chemical bath was also common for yielding higher 

quality films 
38,39

. It has been shown that the TEA process leads to a better film quality 

than ammonia system 
39

. Ammonia and TEA are commonly used complexing agents 

for CBD copper sulfide, leading to the coexistence of different copper complexes in 

the bath: [Cu(TEA)n]
2+

 and [Cu(NH3)m]
2+

. Moreover, another possible complexes that 

could present simultaneously in baths can be copper with thiourea as the sulfide 

source, forming [Cu(TU)6]
4+

 and the relative concentrations of these species will 

change with time as the deposition proceeds 
8
. 

 However, in the deposition of copper sulfide (CuxS) films (where x can be 

somewhere between 1 and 2), the reduction of a fraction of copper (II) ions to copper 
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(I) ions is possible 
8,20,28

. That is, when copper (II) salts (CuCl2 or Cu(NO3)2) are used 

as the copper ion source, the partial conversion of copper (II) will be reduced to 

copper (I) when thiourea is present in the bath.  

2.3 Principle of CBD Technique 

 Chemical deposition process refers to the precipitation of the solid phase on a 

solid substrate from a reaction due to the supersaturation occurring in a solution. At a 

certain temperature when ionic product of reactants exceeds the solubility product, 

precipitation occurs. On the other hand, if the ionic product is less than the solubility 

product, the solid phased produced will dissolve back to the solution resulting in no 

precipitation. In the case of copper sulfide, the solubility of CuS at room temperature 

in water is about 10
-36

 g/dm
6
 (SP), or in other words, the product of the ionic 

concentrations of Cu
2+

 and S
2-

 ions in the saturated aqueous solution of CuS is 

expressed in Eq. 2.1: 

 Ksp,CuS = 10
-36

 g/dm
6
  =  [Cu

2+
][S

2-
]               (2.1) 

where Ksp is the solubility constant and [Cu
2+

][S
2-

] is the ionic product (IP). 

Cu
2+

 and S
2-

 ions are formed from the solid defined in Eq. 2.2 

CuS (s)   ↔  Cu
2+

 (aq) +  S
2-

 (aq)                                 (2.2) 

If the concentrations of Cu
2+ 

and S
2-

 ions become higher than 10
-36

 g/dm
6
, the excess 

ions will be precipitated as CuS 
3,40

. In principle, general four basic requirements are 

necessary for depositing any compound by chemical bath deposition: 1) the compound 

can be made through the simple formation of ionic products stoichiometrically, 2) the 
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compound should be relatively insoluble in the solution, 3) the compound should be 

chemically stable in the solution, and 4) If the reaction proceeds via the free anion, 

then this anion should be relatively slowly generated to prevent sudden precipitation.  

 In a typical CBD procedure, substrates are immersed in a solution bath 

containing the metal ion, the chalcogenide source, and the addition of base. A suitable 

complexing agent is also needed in the alkaline solution to control the release of metal 

ions (as to reduce the amount of free metal ions). The free metal ion concentration is 

controlled by the formation of complex species given by Eq. 2.3 (assuming a metal ion 

with a charge of 2+): 

M(A)
2+

  ↔  M
2+

  +  A                                           (2.3) 

At any given temperature, the concentration of free metal ions is represented by the 

relation in Eq. 2.4: 

][M(A)

][A][M
K

2

2

i 



                                  (2.4) 

where Ki is the dissociation constant of the complex ion. The dissociation constant is 

different for different complexing agents. A complex with a small Ki value is the most 

stable and will therefore have a lower concentration of metal ions in solution than one 

with a higher constant. Temperature and pH also have an influence on the stability of 

complex. Increase in temperature of solution will make the complex less stable, 

whereas an increase in pH generally makes it more stable. Thus the concentration of 

metals in solution can be controlled by an appropriate complexing agent and 

temperature of the reaction bath.  
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 Another consideration of controlling the reaction is by the slow and uniform 

generation of the chalcogenide ions in the solution. Thiourea is a common source of 

sulfide ion and is thereby considered to generate sulfide ions according to Eq. 2.5 - 

2.6: 

(NH2)2CS  +  OH
-
  ↔  CH2N2  +  H2O  +  HS

-
                      (2.5) 

HS
-
  ↔  S

2-
  +  H

+
  ,   Ka  =  10

-17.3
                              (2.6)  

Some explanation mentioned that in actual fact of the alkaline solution, most of the 

sulfide ion presents in the form of HS
-
 rather than S

2-
, due to the equilibrium between 

the two species in Eq. 2.6 
41

. 

Alternatively, equation (2.6) can also be written in terms of hydroxide ion 

concentration: 

HS
-
  +  OH

-
  ↔  S

2-
  +  H2O ,   Ka  =  10

-3.3
                        (2.7)  

Thus in mildly alkaline solutions with pH ~ 11 which is a common value in CBD, the 

sulfide ion concentration can be written in terms of HS
-
 as S

2-
 =  10

-6.3
[HS

-
]. Therefore 

the main sulfide ion in solution will be HS
-
 rather than S

2-
. Petia et al. proposed that 

the main factors that control the deposition rate of metal and sulfide ions were reagent 

concentration, pH, and temperature 
42

. 

2.4 Factors Influencing the Deposition Process 

 According to Lakshmi et al. 
43

, they have summarized the various factors that 

influence the deposition process in CBD technique, as listed below.  
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2.4.1 Concentration of reactants 

 The ionic concentration of the reactants has a direct influence on the deposition 

rate and terminal thickness. As the concentration increases, the initial deposition rate 

and terminal thickness tend to increase.  However the precipitation can occur rapidly 

when the concentration is very high, resulting in a decrease in film thickness.  

2.4.2 Types and concentration of complexing agent 

 Different nature of complexing agents can have an effect on the final products, 

particularly in types of product and film quality. In general, the metal ion 

concentration decreases with an increase of complexing agent concentration, resulting 

in decreasing of the rate of reaction. Therefore, the precipitation is retarded leading to 

a higher terminal film thickness. An appropriate selection of complexing agent and its 

concentration leads to a high quality targeted film. 

2.4.3 Reaction temperature 

 As mentioned earlier, not only that temperature has an influence on the rate of 

complexation that consequently results in the rate of reaction, but also does it on the 

hydrolysis of thiourea. As temperature increases, the complex dissociation and sulfide 

ion production increases. This could result in either increase or decrease of terminal 

thickness due to a large kinetic energy of the molecules interacting with each other. 
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2.4.4 pH 

 Generally the complex becomes more stable when the pH value of the reaction 

solution increases, which reduces the availability of free metal ions. The overall rate of 

reaction will decrease with higher terminal thickness.  

2.4.5 Reaction time 

 In a general reaction in CBD, good quality metal chalcogenide thin films are 

obtained from a slow growth rate deposition. Some reported at longer duration of 

reaction causing films starting to peel off and becoming nonuniform.  

2.4.6 Nature of substrates 

 Higher deposition rates and terminal thickness are observed for those 

substrates whose lattices match well with those of the deposited material. Hence, a 

nature of substrates plays a major role in the reaction kinetics and the adhesion of the 

deposited film. An important advantage of CBD is that metal chalcogenide films can 

be deposited on a wide range of surfaces of substrates. In this aspect, rough substrates 

are better to be deposited due to a larger surface area of contact per geometric surface 

area, thus the possibility of anchoring of the initial deposit of ions is higher than that 

of the smooth surface. Some reports applied the sensitized substrates for the deposition 

in order to obtain adherent and uniform films 
35

. The sensitized surface are claimed to 

provide more nucleation sites present as to achieve in higher growth rate and terminal 

thickness.  



20 
 

2.5 Growth Mechanisms 

2.5.1 Nucleation and growth 

Solution chemistry has a strong influence on the film formation. The 

nucleation can take place homogeneously in solution or heterogeneously on substrate 

surface, depending on the deposition mechanism. The general growth characteristics 

are defined into three stages:  

(i) A nucleation phase (also called induction or incubation period) during which is 

observed as the degree of supersaturation increases uniformly throughout the solution 

and an initial monolayer of the metal chalcogenide is formed on the substrate.  

(ii) A growth phase is initiated by the initial monolayer formed on the substrate which 

acts as a catalytic surface for the condensation of the metal ions and chalcogenide ions 

resulting in the film growth. 

(iii) A terminal phase towards the final stages of the deposition at which the film stops 

to grow due to the depletion of the reactants.  

Fig. 2.1 shows typical growth curves of thin films deposited by the CBD 

technique reported in a review paper 
3
. Three different regions can be defined. At short 

beginning reaction times where the reaction rate is slow, no clear deposition is 

observed as the growth remains zero in thickness, corresponding to the nucleation 

phase. Then the growth takes place, showing a clear increase in the growth rate 

linearly. At the final stage, the growth reaches the saturation at which the film ceases 

to grow. 
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In the most cases of metal chalcogenide thin film deposition, it is believed that 

the metal ion first forms the hydroxide. Hence they proposed a growth mechanism 

based on the presence of metal hydroxide which acts as the catalytic surface for the 

metal sulfide film to grow 
20,39,44-46

. 

 

Fig. 2.1. Experimental growth curves of different semiconductor thin film materials by 

using CBD technique 
3
.  

2.5.2 Formation mechanism of CuxS films 

The film formation on substrate takes place when ionic product exceeds 

solubility product. There are two competitive processes during deposition: (1) ion-by-

ion condensation at the surface of the substrate by heterogeneous reaction and (2) 

cluster-by-cluster or colloidal growth in which particles formed in solution 

homogeneously aggregate on the substrate. Both mechanisms can coexist or can be 

called a mixed mechanism.  
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Fig. 2.2 represents three different mechanisms for film growth. Generally the 

film deposited by ion-by-ion mechanism is compact, adherent, and smooth. Contrary 

to the other two mechanisms lead to non-adherent and non-uniform films.  

 

                               (a)      (b)      (c) 

Fig. 2.2. Schematic illustration of different mechanisms of deposited film. (a) ion-by-

ion growth, (b) cluster-by-cluster growth, and (c) mixed growth. 

 The first study on growth mechanism  of thin film deposition of CdS was 

published during the mid 1960’s by a group of Kitaev 
47

. They proposed a growth 

model taking into account the formation of colloidal particles of Cd(OH)2 and 

adsorption on a surface subsequently. They suggested that a solid phase precipitate 

must be present in the solution to provide the catalytic surface for thiourea 

decomposition and CdS films will be able to form in the presence of this solid phase.  

 Later on Kitaev et al. proposed another possibility of the mechanism for CdS 

thin film formation. This alternative involves the formation and adsorption of 

intermediate species on the substrate surface. They also suggested a method to support 

the mechanism by quantum mechanical calculation 
48

 and radiochemical experiments 

49
. 

 A few years later, Kaur et al. 
50

 suggested another alternative mechanism 

which is contrary to the previous ones. They found that Cd(OH)2 was not necessary to 
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be present  in the solution in order to obtain CdS films. They believed that the growth 

of CdS thin films is dependent on the various deposition parameters. The growth 

mechanism could take place either by ion-by-ion condensation of free Cd
2+

 and S
2-

 

ions or by adsorption of colloidal particles of CdS formed in the bath. They also 

mentioned that thin films by an ion-by-ion growth mechanism is responsible for the 

thin, adherent, hard, and specularly reflecting films, while the colloidal growth 

mechanism accounts for the thick, powdery, and diffusely reflecting films. However, 

vigorous stirring of the solution could decrease the powdery form of films and 

increase the adhesion.  

 According to their mechanism, the deposition of CdS can be formulated as: 

CdSO4  →  Cd
2+

  +  SO4
2-

    (2.8) 

First, free Cd
2+

 forms due to the dissociation reaction of Cd salt. In the presence of 

ammonia hydroxide, the following equilibrium reaction between ammonia and 

ammonium ion takes place: 

NH4
+
  +  OH

-
  →  NH3  +  H2O    (2.9) 

Cd
2+

 ion complexes with ammonia, controlling the concentration of free Cd
2+

 ions: 

(Cd(NH3)n)
2+

  ↔  Cd
2+

 (aq)  + nNH3 (aq)   (2.10) 

The coordination number of cadmium ion-ammonia complexes, n, ranges from 1 to 6, 

where (Cd(NH3)4)
2+

 is the dominant and most stable complex species among the 6 

coordination numbers 
51

. 

The hydrolysis of thiourea releases free sulfide ions: 

(NH2)2CS  +  2OH
-
  →  S

2-
 (aq)   +  CH2N2  +  2H2O             (2.11) 
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Free Cd
2+

 ions then react with free sulfide ions to form CdS: 

Cd
2+

 (aq)  +  S
2-

 (aq)  →  CdS (s)   (2.12) 

 In this sequence, ammonia controls the concentrations of both Cd
2+

 ions (by 

providing NH3 for complexation) and S
2-

 (by providing OH
-
 ions for the hydrolysis of 

thiourea). When the ionic product exceeds the solubility product of CdS (≈10
-25

), the 

reaction of free Cd
2+

 ions and sulfide ions can occur at the surface of the substrate as 

film (heterogeneous nucleation and ion-by-ion process) as well as in the bulk of the 

solution as colloids (homogeneous nucleation and cluster mechanism). 

 In 1977 and 1980, Pavaskar et al. 
52

 and Chopra et al. 
50

 corroborated their 

analysis. They found that raising the temperature to 80 - 90°C led to less adherent and 

powdery films. However, the proper solution chemistry could lead to early Cd(OH)2 

formation on the substrate, resulting in the formation of adherent films of 

predominantly CdS.    

 These results were supported strongly via an ion-by-ion growth mechanism 

based on the surface-catalyzed thiourea decomposition investigated by Lincot et al. 
53

. 

They used combined in situ quartz crystal microbalance (QCM) and electrochemical 

impedance techniques to study the chemical bath deposition of CdS layers for the first 

time. In this study the properties of the film, its internal structure, and the evolution of 

this structure during the growth were clearly explained. Based on their results the film 

appeared to have a duplex structure with an inner compact layer and an outer porous 

layer growing at longer deposition times.  



25 
 

 Following this study, Ortega-Borges & Lincot 
51

 proposed the first approach to 

the nature of intermediate species from growth kinetic study based on initial rate 

studies using a QCM and identified three main deposition regimes: 

1. The nucleation stage 

2. The coalescence and compact layer growth stage 

3. The porous layer growth stage 

The first one is an induction regime where the reaction rate is slow and no 

clear deposition is observed. The second one is the compact layer growth regime 

through the molecular heterogeneous surface reactions. The film grown in this regime 

was found to have high quality and well-adherent. The third one is the porous layer 

growth regime. An instant and obvious increase in the growth rate was observed and 

corresponded to the growth of a porous layer. This appearance was due to the colloidal 

settling and attaching on the substrate created by homogeneous particle formation. 

Nevertheless this layer was poorly bonded to the substrate surface and peeled off 

easily by sonicating using ultrasonic bath or mechanical rubbing. The last step is the 

terminal stage as mentioned in section 2.5.1 where the growth rate reaches saturation 

and eventually stops due to the limited reagent concentration.   

 The proposed ion-by-ion growth mechanism was shown by the following 

reaction steps 
51

: 

1. Reversible adsorption of cadmium hydroxide species: 

(Cd(NH3)4)
2+

  +  2OH
-
  +  site  ↔  [Cd(OH)2]ads  +  4NH3  (2.13) 

2. Formation of a surface complex with thiourea: 
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[Cd(OH)2]ads  +  (NH2)2CS  →  [Cd(SC(NH2)2)(OH)2]ads  (2.14) 

3. Formation of CdS with site regeneration: 

[Cd(SC(NH2)2)(OH)2]ads  →  CdS  +  CN2H2  +  2H2O  +  site  (2.15) 

The net reaction of this sequence is: 

(Cd(NH3)4)
2+  

 +  (NH2)2CS  +  2OH
-
  ↔  CdS (s)  +  CN2H2  +  2H2O  +  4NH3  (2.16) 

 A few years later, Dona and Herrero 
54

 modified the growth mechanism of 

CBD CdS based on previous proposed mechanism by Ortega-Borges et al. 
51

. The 

suggested a different intermediate species, dihydroxo-diammino cadmium complex, 

on the surface instead of cadmium hydroxide. A modified reaction mechanism is given 

below: 

1. Reversible adsorption of dihydroxo-diammino-cadmium complex: 

(Cd(NH3)4)
2+

  +  2OH
-
  +  site  ↔  [Cd(OH)2(NH3)2]ads  +  2NH3  (2.17) 

2. Adsorption of thiourea by formation of an intermediate metastable complex: 

[Cd(OH)2(NH3)2]ads  +  (NH2)2CS  →  [Cd(OH)2(NH3)2SC(NH2)2]ads   (2.18) 

3. Formation of CdS with site regeneration by the intermediate metastable complex 

decomposition: 

[Cd(OH)2(NH3)2SC(NH2)2]ads  →  CdS  +  CN3H5  +  NH3  +  2H2O  +  site    (2.19) 

 In 2004, Voss et al. 
44

 investigated the growth kinetics of CBD CdS using 

QCM. They observed that the film growth could be limited by mass transport reaction 

and the deposition rate and terminal thickness were strongly dependent on the stirring 

rate. An example of a growth curve as obtained by Voss et al. using QCM is presented 

as Fig. 2.3. They identified four distinct growth regimes. It is characterized by a slow 
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induction period (I) followed by a linear compact layer growth period (II), then 

transformed into a porous later growth regime (III). A kink in the growth curve 

indicates the transition from ion-by-ion growth to a porous layer. The final region 

signifies depletion of the reactants and termination of the growth process (IV). 

 

Fig. 2.3. A growth rate curve of CBD CdS obtained by Voss et al. 
44

. 

 In a typical batch CBD process, there are limited reports regarding CBD CuxS 

thin film growth kinetics. Munce et al. investigated chemical bath deposition of 

copper sulfide thin films in details using a plethora of in-situ and ex-situ 

characterization tools including Surface Enhanced Raman Scattering (SERS), 

Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), 

Neutron reflectometry, and small angle X-ray scattering to investigate the early stages 

of film growth 
14,26,55

. The deposition of CBD CuxS was found to occur by a 

mechanism where the particles form in the solution and then adhere to the substrate 

according to the lack of a definable SERS spectrum prior to 1 min deposition. While 
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during the incubation period, the spectra obtained from the nucleation products 

exhibited a similar composition to the final product formed on the substrate. Another 

CuxS film growth study was reported by Xin et al. 
56

.  They compared the CuxS film 

growth by the conventional CBD with the microwave assisted CBD by measuring the 

film thickness at certain deposition times using the profilometer as an ex-situ 

technique. They found that the high frequency electromagnetic radiation of microwave 

heating accelerated the growth rate of copper sulfide thin films, resulting in thicker 

films at the same reaction time compared with the conventional CBD method. 

Moreover, Lu et al. investigated the growth study of CuxS thin films by depositing 

CuS thin films by CBD on functionalized -NH2-terminated self-assembled monolayers 

(SAMs) surface which helps to control crystal heterogeneous nucleation and growth 

16
. The reaction mechanism of ion-by-ion growth and cluster-by-cluster deposition 

were proposed for the observed deposition phenomena.  There are a number of papers 

that report copper sulfide thin film growth by CBD, with different bath compositions 

and conditions (i.e. acidic or alkaline) 
8,15,24,33,37

. However, no quantitative kinetic 

study of CBD CuxS thin film growth has been reported in these studies. In-situ 

measurements are valuable and effective means to gain a better and more quantitative 

understanding of CBD CuxS thin film growth mechanism and kinetics.  

2.5.3 Quartz crystal microbalance in-situ measurements 

 CBD is a batch process that can take place ranging from a few minutes to over 

several hours. The film thickness is generally in the tens of nanometers to the micron 
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range. The kinetic growth studies are based on ex-situ film thickness measurements 

e.g. profilometer and optical absorbance. However, in-situ approaches are better 

adapted for studying the growth of CBD films in details 
54

. QCM utilizes the electrical 

measurements during the growth when the films are deposited on conducting 

substrates. Sauerbrey was the first to recognize the ability of the mass change which is 

monitored at the crystal surface when it is immersed in a liquid solution 
57

. He 

provided the linear mass-frequency relation for foreign layers deposited on thickness-

shear mode piezoelectric crystal. This relation is expressed by: 

qq

2
0

μρA

Δm2f
Δf   

where Δf = the measured frequency shift (Hz), f0 = the resonant frequency of the 

unperturbated crystal, Δm= mass change (g) attached to the piezoelectrically active 

surface area, A (cm
2
), and qρ and qμ = the density and the shear modulus of quartz, 

respectively.  

 The mass surface density variation Δm can be related to the thickness, h, of the 

deposit coating, considering by this relation: 

ρ

Δm
h   

where ρ = density of the deposited material 

 As shown above, the frequency shift is proportional to the mass change, 

allowing a real-time determination of film thickness. 
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2.6 Microreactor-Assisted Solution Deposition (MASD) 

The continuous flow process has been developed to overcome the drawbacks 

associated with the batch CBD process. The continuous process consists of a multi-

stage reaction during the deposition alongside the competing undesirable 

homogeneous reactions. This technique allows for a better elucidation of the CBD 

reaction by being able to de-coupling the homogeneous particle formation and 

deposition from the molecular level heterogeneous surface reaction, which leads to a 

better understanding of the reaction mechanism and results in the improved deposited 

thin films with a minimization of waste production 
41

.  

Boyle's group developed a high efficiency continuous CdS CBD system for the 

first time 
58

. They incorporated a continuous filtration system to recover cadmium with 

a direct heating of the target substrate. This resulted in high yield. Moreover, applying 

a microreactor provides an opportunity to overcome some of the issues of the CBD 

process. Microreactors have been shown to improve material yield and decrease 

solvent usage in comparison to typical CBD reactors 
59

. Prior work has been 

implemented microreactor-assisted solution deposition (MASD
TM

) process which is 

the coupling of a microreactor system for efficient mixing of the reactant streams with 

a continuous flow deposition to offer a temporal control over the reaction chemistry 

before the solution impinges on the substrate 
41

. MASD has demonstrated better 

surface coverage and uniformity of CdS films on SiO2/Si substrate in comparison with 

the conventional CBD process using the same solution chemistry 
60

. Later interest in 
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continuous flow process grew in CdS thin films 
41,60,61

, The continuous flow process 

has successfully created a reactant flux that is free of particles by controlling the 

residence time. Mugdur et al. was able to obtain a reacting flux without the formation 

of nanoparticles at a very short residence time of 3 seconds for a deposition of CdS 

thin films with a strong (111) preferred orientation 
41,61

. They could also elucidate the 

growth kinetics and mechanism of CdS using this microreactor. The results suggested 

that HS
-
 ions, formed through the hydrolysis of thiourea, is more likely to be the 

responsible sulfur sources for the CdS thin film deposition rather than thiourea itself. 

Later interest in continuous flow process grew in CdS thin films 
41,60,61

, ZnO 

nanoparticles 
62

, ZnO nanowires 
48,63

, and TiO2 thin films 
49

.  

2.7 Photochemical Deposition (PCD) 

 Although a gas-phase photochemical deposition (PCD) technique was first 

reported in the research area more than 50 years ago 
64

, the deposition of high-quality 

semiconductor thin films by aqueous photochemical reactions has been introduced and 

developed later by Goto et al. 
65

. The technique basically employs the UV illumination 

to efficiently excite the irradiated region of the substrate in a deposition solution. Ions 

in the solution are activated by UV light and the oxidation-reduction reactions are 

induced, making films depositing in the irradiated area.  The solution used in PCD is 

similar to those used for cathodic electrodeposition, in which electrons are supplied by 

an external circuit. In contrast, electrons in PCD are believed to be generated by the 

excitation of a reducing agent in the solution without external source. Thus, PCD can 
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be regarded as a kind of electroless deposition, namely photoactivated electroless 

compound deposition 
66

. At present, PCD, with its own unique feature, has overcome 

by the restrictions of the two popular solution deposition techniques: chemical bath 

deposition (CBD) and electrochemical deposition (ECD) 
67-69

. A well-known CBD has 

the disadvantage of poor controllability of the rate of reaction once the reaction starts. 

In ECD, ions in the solution are reduced by electric current and semiconductor films 

are deposited on the cathode plate. However, this technique requires a conductive 

substrate, which restricts the flexibility of some processes especially the solar cell 

manufacturing process. Since PCD possesses a very inexpensive and simple 

equipment, substrates do not need to be conductive, also the solution is rather stable 

without illumination and can be controlled by turning on/off a light. So far PCD has 

drawn much attention and has been applied to various sulfides (CdS, ZnS, InS) 

17,65,66,68-75
 and selenides (CdSe and ZnSe) 

67
.  

 As mentioned, PCD process is solely activated by photoexcitation of molecules 

in the solution by UV light, not thermally activated. This was confirmed by carrying 

out the experiment with a filter to cut visible and infrared light 
66,67

. There is no 

photochemical reaction taking place in the presence of visible light only. In contrast, 

the observed result is expected with UV irradiation. This clearly shows that visible and 

infrared lights have no effect on the reaction. In the deposition of various metal sulfide 

and selenide thin films, sodium thiosulfate (Na2S2O3) is used as a reducing agent. 

Compounds other than sulfides or selenides can replace thiosulfate with other 

appropriate ions which act as a reductant under irradiation. The photochemical 
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reaction undergoes the oxidation-reduction process by the absorption of thiosulfate 

ions (S2O3
2-

), releasing solvated electrons and elemental sulfur (S) for the reaction. It 

can be proved from the deposition of CdS by representing transmission spectra of 

individual species in the solution, Cd
2+

, Na
+
, S2O3

2-
, and SO4

2-
 
66

. The absorption edge 

near 300 nm is observed due to S2O3
2-

, while the absorption by other species is 

negligible.  

One of the drawbacks of CBD technique that can be unavoidable is the 

presence of the precipitation of metal hydroxide. Most of CBD films are deposited 

from alkaline solutions, while most PCD is deposited from acidic solutions. Oxygen is 

often expected to be included in the CBD film as OH group, e.g. Zn(OH)2 
74

. If the 

solution is in the acidic region, thus the formation of metal hydroxide is implausible. 

 PCD mechanism is found to be similar to that of CBD. While the reaction 

occurs all over the bulk of solution in CBD, the deposition is only limited within the 

illuminated area above the substrate in PCD. There have been some discussions in 

detail of the PCD mechanism that rely on a variety of parameters, for example, pH, 

light intensity, stirring speed, and substrate position that involve in the deposition rate 

66,71
. The deposition experiment was carried out under various conditions to clarify the 

mechanism. In addition, a few papers have reported different types of substrate 

surfaces in among parameters for comparison in the film quality. Effect of substrates 

on film deposition of patterned gold was investigated by Kumaran et al. by using 

hydrophilic/hydrophobic surfaces and conducting/non-conducting surfaces of 
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substrates 
76

. They claimed that non-uniform thin layer of films deposited on 

substrates with a hydrophobic nature (Si and PVC) but the observed result of uniform 

film from hydrophilic nature is contradictory to this. The film-substrate adhesion test 

was also performed. The film on ITO-coated glass was observed to have a sufficient 

adhesion, while some part of the film peeled off on glass substrates.  For ZnSe thin 

films, the deposition growth rate on ITO-coated glass substrate is higher than that on 

glass slide since ITO-coated glass provides more nucleation sites for the growth of the 

thin film than pure glass substrate with a smooth surface, which facilitates the fast 

deposition 
67

. However, the deposition rate can be improved by adsorbing metal atoms 

on the surface in order to provide higher nucleation site density.  

   To reach an appearance and a quality of films as required for a particular 

application, the operation in the process was necessarily brought about to consider. 

ZnS thin films were once attempted using continuous illumination, however the 

obtained films were black, not transparent in the visible wavelength region, and 

contained metallic zinc 
74

.  The pulsed illumination was adopted instead of continuous 

illumination and white and transparent ZnS films were obtained successfully. It was 

believed that during the “off” period of the illumination, the excess Zn is expected to 

be dissolved in the solution.  

2.8 Deposition of CuInSe2 Thin Films for Solar Cell Application 

 For more than 50 years silicon photovoltaic devices have been developed 

widely for converting sunlight into electricity with an efficiency of about 20% 
77

. The 
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band gap of Si (1.1 eV) is appropriate for solar absorption, however at least 100 μm of 

material is required to absorb the light sufficiently due to its indirect band gap. 

Therefore a large thickness of Si with an extremely high quality must be made, which 

requires a high temperature processing, in order to allow for minority carrier lifetimes 

and diffusion lengths long enough so that recombination of the photogenerated charge 

carriers is minimized 
78

. For this reason, the strict requirement of material increases 

the production cost. According to the limitations of Si, thin film technologies have 

become a desirable alternative and gained considerable attention as a promising 

candidate for the future generation of photovoltaics because it can substantially reduce 

the manufacturing cost of solar cells due to the lowering of material usage.  

 Thin-film solar cells are semiconductors that can be binary, ternary, or even 

quaternary systems in which their complexity is introduced as compared to the single 

element system of Si. Their properties possess direct band gaps and high absorption 

coefficients, therefore they can be made in thin film form. Among the various 

materials, chalcopyrite compounds including CuInSe2 (CIS), CuIn(S,Se)2, and 

Cu(In,Ga)Se2 (CIGS) have received considerable attention  and exhibited the highest 

efficiencies in thin film solar cells. The present record efficiency has reached about 

20% for a CIGS based device as an absorber layer 
78-81

.   

 CuInSe2 has been investigated extensively as one of the most promising 

absorber materials in which the band gap is relatively low, 1.04 eV and an optimal 

optical absorption coefficient of 1×10
5
 cm

-1
 

82
. It also shows very good outdoor 
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stability, radiation resistance, and ease of film fabrication at low price of production 

80,83
. 

 High performance CuInSe2 absorber layer has been generally obtained by 

several techniques including vacuum-based deposition method, e.g. a multistage 

coevaporation and two-step process of sputtering and selenization 
84

. However these 

techniques require a high manufacturing cost and the use of vacuum is highly energy 

intensive. As an alternative, solution-based deposition techniques which are non-

vacuum process can provide many advantages such as simplicity with high throughput 

and less expensive of deposition tools. Various solution-based techniques to deposit 

CuInSe2 include chemical bath deposition 
85-89

, spin coating 
90,91

, solvothermal 
84

, and 

electrodeposition 
82,92-96

. Solution-based thin film deposition usually requires special 

tools to process inks to desired thin films.  

One of the common thin film deposition tools is spin coating in which solution 

is deposited on substrate that is firmly held and rotated at high speed. The solution can 

be placed either before or after spinning begins. The film thickness is controlled by 

rotation speed. The advantages of this technique are the simple operation and low 

equipment cost with rapid deposition. However the deposition has poor materials 

utilization and non-uniform coating on large substrate.  

Bath depositions are one of the simplest and oldest techniques to solution 

deposit semiconductor materials. The reaction is commonly induced by electro-

deposition and electroless-deposition (precipitation from chemical reaction in the 
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bath).  These are low-cost methods due to the low temperature of processing, the 

simple equipment required for the deposition, and the suitable commercial large-scale 

production. Electrodeposition of CIS-based thin films has been widely studied and 

developed by several groups. Bhattacharya is the first one to electro-deposit CuInSe2 

films from single bath containing all three elements 
97

. The deposition condition was 

controlled by Cu and Se precursor concentration ratio which is usually the same order 

of magnitude, while In precursor is present in excess. Balancing the ratio of diffusion 

fluxes of Cu and Se to the substrate surface can optimize the deposition condition. 

Electrodeposited CuInSe2 thin films are usually amorphous or poorly crystalline as 

well as a presence of small grains. Some were found to be Cu-rich and contain Cu2-xSe 

phase which can affect the device performance 
78

. 

Bhattachary also reported the growth of CuInSe2 thin films by chemical bath 

deposition method 
97

. The CBD process involves the reaction of Cu
+
, In

3+
, and Se

2-
 

ions in a deionized water solution. Complexing agents were also added to a solution to 

control a release of metal ions. However the polycrystalline CuInSe2 films deposited 

by CBD suffered from too small grain sizes of about 0.08 µm to form good 

photovoltaic junctions. CBD is based on spontaneous reactions, therefore precipitation 

in the solution can dominate the film formation on a substrate. Several bath conditions 

have been adjusted and performed to optimize the deposition conditions for the growth 

of films with desired stoichiometry, structure and properties 
85,89

. 
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One of the alternative CuInSe2 film deposition techniques developed for 

fabrication of solar cells is based on the two-stage processes which involve the 

deposition of precursor metals (Cu and In) and subsequent reaction of selenium, or 

selenization, to form CuInSe2 
80

. Selenization is a common method to convert the 

precursor film into the desired selenide compound under the exposure of a reactive 

selenium atmosphere and to improve the crystallinity of CIS-based thin films. The 

metals can be prepared by a variety of methods. Pre-annealing the metal precursors at 

low temperature is required to facilitate the interdiffusion of the metal prior to 

selenization. Selenium may be present either as elemental Se 
80

 or H2Se vapor which is 

mostly diluted by Ar 
98-101

. 
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CHAPTER 3 

CHEMICAL BATH DEPOSITION 

3.1  Background 

 Chemical bath deposition was employed to deposit thin-film copper sulfide by 

a variety of bath conditions. A consequent effective study of kinetic growth of CBD 

thin films was carried out by the in situ technique which was required to investigate 

the early stages of growth as well as the resultant product. Thus, the mechanism of 

copper sulfide thin film formation was proposed for a better understanding and 

optimization of the CBD thin film growth process.  

 This chapter begins with the experimental information relating to the kinetic 

study of copper sulfide thin film deposition. It provides a real-time growth 

measurement by a quart crystal microbalance (QCM) as a function of time, 

temperature, concentration of reactants, and pH. A detailed study of growth kinetics is 

reported in order to have a better fundamental understanding of the growth mechanism 

that takes place during the process. This is further supported by a series of 

microstructure characterizations including structural and surface morphologies as well 

as the characterization in optical properties of resulting thin films. These together 

determine the composition, growth rate, and microstructure of the resulting copper 

sulfide thin films, leading to the capability in controlling the films’ properties and their 

suitability for certain applications. 



40 
 

3.2  Experimental Setup 

Substrate preparation Microscope glass slides (1  3 inch from Fisher Scientific) 

were cleaned with a commercial detergent solution by scrubbing followed by rinsing 

with acetone, methanol, and deionized water. Clean substrates were dried in flowing 

nitrogen.  

Deposition of CuxS thin films Various deposition conditions were performed in this 

study. A typical growth procedure is describe here as an example. 8 ml of 1 M 

CuSO4.5H2O, 8 ml of 1 M sodium acetate (NaAC) solution, 8 ml of triethanolamine 

(TEA) solution were mixed in a 100 ml beaker. This was followed by the addition of 

4.44 ml of 28% ammonia solution and 4.44 ml of 1 M thiourea solution. The resulting 

solution was made up to 80 ml with deionized water, resulting in the final 

concentration of each reactant as follows: [CuSO4] = 0.1 M, [thiourea] = 0.056 M, 

[NaAc] = 0.1 M, [TEA] = 0.755 M, and [NH3] = 0.821 M. Stirring and heating the 

mixture were applied in a water bath by a hot plate. After a few seconds the glass slide 

was immersed vertically in the solution bath. At the end of the deposition the coated 

substrates were taken out, rinsed with deionized water, and dried in nitrogen.  

In-situ growth measurement The film thickness and growth rate based on different 

bath conditions was measured using a quartz crystal microbalance (QCM, Maxtek 

incorporated Model at a frequency of 5 MHz). The setup consisted of a QCM probe 

with a quartz crystal inserted inside and immersed in the solution bath. The signal 
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from the quartz crystal probe is sent to the quartz crystal monitor and computer for 

data acquisition. 

Characterization of CuxS thin films The CuxS thin-film surface morphology, 

composition, and structure were analyzed by scanning electron microscopy (SEM) 

coupled with the X-ray analysis (EDS) (Quanta 600 FEG SEM). The formed 

nanoparticles in the solution were analyzed using transmission electron microscopy 

(TEM, Philips CM12 STEM operated at 120 kV). The crystal structure of CBD CuxS 

films were characterized using high resolution TEM (FEI Titan 80 – 200 STEM). The 

surface morphology was analyzed using atomic force microscope (AFM Veeco 

Innova). The optical transmission and optical band gap of CBD CuxS thin films were 

determined using UV-VIS absorption measurement (JASCO V670 

spectrophotometer). 

A schematic diagram of the experimental setup is shown in Fig. 3.1. 

 

Fig. 3.1. Schematic diagram of a typical CBD experimental setup. 
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 The composition of the chemical bath was subsequently altered to investigate 

the effect changing various parameters such as concentration of reagents, temperature 

of the bath solution, and pH. 

3.3 Experimental Results 

3.3.1 Initial growth rate dependent 

Influence of temperature – The composition of the baseline solution used in 

this study is [CuSO4] = 1 M, [thiourea] = 1 M, [TEA] = 7.55 M, and [NH3] = 14.8 M. 

The growth curves obtained as a function of bath temperature are shown in Fig. 3.2(a). 

The solution temperature is varied with an increment of 10ºC, from 30 to 60ºC. The 

growth curve shows an initial induction phase where no film growth can be observed 

by QCM. Following the induction period, a subsequent linear growth phase starts with 

the increasing film thickness proportionally with deposition time. Finally, film 

thickness reaches a plateau where the growth rate drops to nearly zero. The growth 

curves clearly show strong temperature dependence. The induction period at 30ºC lasts 

for almost 10 minutes but decreases to 1 – 2 minutes at 60ºC. Fig. 3.2(b) clearly 

demonstrates three distinct growth regimes of CuxS film growth deposited at 60 ºC, 

which includes induction phase, growth phase, and terminal phase. The initial film 

growth rates were estimated by taking the slope of the linear growth curves. The 

reacting species concentration within the initial linear growth region was assumed to 

be constant. Since the process is strongly temperature-activated, its variation is 
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attributed only to the rate constant dependence on temperature, as expressed by 

Arrhenius equation 

r (T) = A’ exp (-Ea/RT)                 (3.1) 

where r(T) is the growth rate as a function of temperature, A’ is the pre-exponential 

factor which includes the frequency factor and a constant related to the initial reagent 

concentration, Ea is the activation energy, and R is the molar gas constant. Fig. 3.2(c) 

represents the Neperian logarithm of the initial growth rate as a function of 1000/T  

(K
-1

), showing the linear dependence of temperature. Each data point is the Neperian 

logarithm of growth rate which is calculated as the slopes at initial growth regions of 

different reaction temperatures, as shown in the inset of Fig. 3.2(b) obtained from Fig. 

3.2(a). Table 3.1 summarizes the initial growth rates at different temperatures. The 

activation energy can be determined from the slope of the linear fit of the logarithm of 

the initial growth rate as a function of 1000/T. The mean value of the activation 

energy in this case is about 68 kJ/mol over the temperature range considered. This 

value, which is considered high (50-100 kJ/mol), indicates that the rate determining 

step in the film deposition mechanism is a reaction limiting step rather than a mass 

transport step (e.g. diffusion) that normally has a lower activation energy values (a few 

tens kJ/mol) 
54

. 
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Table 3.1 Summary of the initial growth rates at different temperatures.  

Temperature  

(ºC) 

1000/T  

(K
-1

) 

Growth rate (slope) 

(kÅ/min) 

Growth rate 

(μm/hr) 

ln(rate) 

(μm/hr) 

30 3.300 0.0078 0.0468 -3.062 

40 3.195 0.015 0.090 -2.408 

50 3.096 0.032 0.192 -1.650 

60 3.003 0.092 0.552 -0.594 
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(b) 

 

(c) 

Fig. 3.2. (a) Quartz crystal microbalance growth curves of CuxS films with different 

temperatures, (b) Growth curve of CuxS film deposited at 60°C with three deposition 

regimes presenting; I = induction phase; II = growth phase; III = terminal phase,  and 

(c) Neperian logarithm of the initial growth rate against 1000/T (K) with [CuSO4] = 1 

M, [thiourea] = 1 M, [TEA] = 7.55 M, and [NH3] = 14.8 M with the inset showing the 

initial slopes (growth rates) of Fig. 3.2(a). 
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Influence of copper concentration – Fig. 3.3(a) shows the initial growth rate 

variation with CuSO4 concentration, which was varied from 0.5 – 1.25 M while the 

other parameters are kept constant ([thiourea] = 1 M, [TEA] = 7.55 M, [NH3] = 14.8 

M at 40ºC). An increase of growth rate with CuSO4 concentration is observed. The 

induction time also becomes shorter at higher CuSO4 concentration.  

 In order to determine the apparent reaction orders, the growth rate is assumed 

to be dependent only on the variation of initial reagent concentration during the initial 

linear growth region. The initial growth rate is expressed as in Eq.3.2 
54

. 

r = K Ci
n
              (3.2) 

where r is the growth rate which can be estimated from the slopes of linear growth 

curves as shown in the inset of Fig. 3.3(b). K is a constant for a fixed set of conditions, 

Ci is the initial reagent concentration that is being varied, and n is the reaction order of 

this reagent. Therefore, n can be estimated for each reagent as the slope of the linear 

fit of the log r vs. log[Ci]. 

The summary of the initial growth rates at different concentration of CuSO4 is 

shown in Table 3.2 and Fig. 3.2(b) shows the linear plot of film growth rate as 

function of the concentration of CuSO4. The mean apparent reaction order of the 

CuSO4 concentration was estimated to be about 0.52±0.2. 
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Table 3.2 Summary of the initial growth rates at different concentration of CuSO4.  

[CuSO4] 

(mol/l) 

Growth rate (slope) 

(kÅ/min) 

Growth rate 

(μm/hr) 

ln(rate) 

(μm/hr) 

0.50 0.010 0.60 -1.222 

0.75 0.013 0.078 -1.108 

1.00 0.015 0.090 -1.046 

1.25 0.016 0.096 -1.018 
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  (b) 

Fig. 3.3. (a) Influence of CuSO4 concentration (0.5, 0.75, 1, and 1.25 M) on the 

growth curves of CuxS films with samples prepared with [thiourea] = 1 M, [TEA] = 

7.55 M, and [NH3] = 14.8 M at 40ºC. (b) The corresponding logarithmic graph for 

reaction order calculations of the initial growth rate dependence on CuSO4 

concentration with the inset showing the initial slopes (growth rates) of Fig. 3.3(a).  

Influence of thiourea concentration – Fig. 3.4(a) shows the influence on the 

growth curves of the thiourea concentration from 0.5 – 1.25 M while the other 

parameters are kept constant ([CuSO4] = 1 M, [TEA] = 7.55 M, [NH3] = 14.8 M at 

40ºC). An increase of the initial growth rate with the concentrations is observed as 

expected, as shown in the inset of Fig. 3.4(b). The summary of the initial growth rates 

at different concentration of thiourea is shown in Table 3.3. A reaction order of 

0.63±0.1 is obtained from the slope of the linear fit of the log r vs. log[thiourea] shown 

in Fig. 3.4(b).      
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Table 3.3 Summary of the initial growth rates at different concentration of thiourea.  

[thiourea] 

(mol/l) 

Growth rate (slope) 

(kÅ/min) 

Growth rate 

(μm/hr) 

ln(rate) 

(μm/hr) 

0.50 0.009 0.054 -1.268 

0.75 0.013 0.078 -1.108 

1.00 0.015 0.090 -1.046 

1.25 0.016 0.096 -1.018 
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(b) 

Fig. 3.4. (a) Influence of thiourea concentration (0.5, 0.75, 1, and 1.25 M) on the 

growth curves of CuxS films with samples prepared with [CuSO4] = 1 M, [TEA] = 

7.55 M, and [NH3] = 14.8 M at 40ºC. (b) The corresponding logarithmic graph for 

reaction order calculations of the initial growth rate dependence on thiourea 

concentration with the inset showing the initial slopes (growth rates) of Fig. 3.4(a).  
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), introduced in solution as copper salts, can form different 
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complexing agents are present to produce stable complex of Cu
2+

 ions in the solution 

in which Cu
2+

 ions are slowly released on dissociation, resulting in a controllable 

reaction rate. For a metal M and complexing agent A, the existence of free metal ions 

in the solution can be expressed by the equilibrium reaction 

M(A)
2+

  ↔  M
2+

 + A         (3.3) 

Influence of TEA concentration – Fig. 3.5(a) shows the growth curves of CuxS 
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parameters are kept constant ([CuSO4] = 1 M, [thiourea] = 1 M, [NH3] = 14.8 M at 

40ºC). A decrease of the growth rate is observed with increasing TEA concentration, 

as shown in the inset of Fig. 3.5(b), in which it retards the rate of formation of CuxS. 

The immediate homogeneous precipitation appears sooner in the solution as the 

concentration decreases, also yielding less terminal thicknesses of the films. The 

summary of the initial growth rates at different concentration of TEA is shown in 

Table 3.4. The effect of TEA concentration shows opposite effect to those observed 

for the CuSO4 and thiourea, as the reaction rate shown in Fig. 3.5(b) decreases with 

increasing TEA concentration, with an apparent order of -0.33±0.2. In this case, an 

increase in TEA concentration results in the decrease in growth rate, corresponding to 

Eq.3.3, which denotes that the Cu
2+

 free concentration decreases when TEA 

concentration is increased. 

Table 3.4 Summary of the initial growth rates at different concentration of TEA.  

[TEA]  

(mol/l) 

Growth rate (slope) 

(kÅ/min) 

Growth rate 

(μm/hr) 

ln(rate) 

(μm/hr) 

1.00 0.0287 0.1722 -0.764 

2.50 0.0200 0.1200 -0.921 

5.00 0.0160 0.0960 -1.018 

7.55 0.015 0.0900 -1.046 
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            (a) 

 

         (b) 

Fig. 3.5. (a) Influence of TEA concentration (1, 2.5, 5, and 7.55 M) on the growth 

curves of CuxS films with samples prepared with [CuSO4] = 1 M, [thiourea] = 1 M, 

and [NH3] = 14.8 M at 40ºC. (b) The corresponding logarithmic graph for reaction 

order calculations of the initial growth rate dependence on TEA concentration with the 

inset showing the initial slopes (growth rates) of Fig. 3.5(a).  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 10 20 30 40 50 60 70 80 90 100

T
h

ic
k

n
es

s 
(k

A
n

g
)

Time (min)

[TEA] 1 M

[TEA] 2.5 M

[TEA] 5.0 M

[TEA] 7.55 M

y = -0.3283x - 0.775

R² = 0.9828

-1.05

-1

-0.95

-0.9

-0.85

-0.8

-0.75

-0.7

0 0.2 0.4 0.6 0.8 1

lo
g

(r
a

te
) 

(µ
m

/h
r)

log[TEA] (mol/l)



53 
 

Influence of pH – In this study, the initial pH value of the solution was 

controlled by the addition of 1 M of NaOH while keeping other parameters constant 

([CuSO4] = 1 M, [thiourea] = 1 M, [TEA] = 7.55 M, [NH3] = 14.8 M at 40ºC). As 

observed in Fig. 3.6(a), an increase of pH value leads to a higher film growth rate. 

High concentration of OH
-
 ions in the solution will push the reaction of thiourea 

hydrolysis forward, resulting in a high generation of sulfide ion source, as shown in 

Eq. 2.5 – 2.6. Table 3.5 summarizes the initial growth rates at different pH values, 

which were obtained from the slope at initial growth regions as shown in the inset of 

Fig. 3.6(b). A mean fractional apparent order of about 1.91±0.1 is obtained as shown 

in Fig. 3.6(b).  

Table 3.5 Summary of the initial growth rates at different pH values.  

pH Growth rate (slope) 

(kÅ/min) 

Growth rate 

(μm/hr) 

ln(rate) 

(μm/hr) 

9.92 0.0065 0.0390 -1.409 

9.99 0.0092 0.0552 -1.258 

10.05 0.0106 0.0636 -1.197 

10.10 0.0150 0.0900 -1.046 
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(a) 

 

       (b) 

Fig. 3.6. (a) Influence of pH (9.92, 9.99, 10.05, and 10.10) on the growth curves of 

CuxS films with samples prepared with [CuSO4] = 1 M, [thiourea] = 1 M, [TEA] = 

7.55 M, and [NH3] = 14.8 M at 40ºC. (b) The corresponding logarithmic graph for 

reaction order calculations of the initial growth rate dependence on pH with the inset 

showing the initial slopes (growth rates) of Fig. 3.6(a).  
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Influence of NH3 concentration – Fig. 3.7(a) the CuxS growth curves as a 

function of the ammonia concentration from 5 – 14.8 M while keeping other 

parameters constant at [CuSO4] = 1 M, [thiourea] = 1 M, [TEA] = 7.55 M, at 40ºC. 

The effect of ammonia concentration was expected to behave similarly to TEA as they 

both act as complexing agents. The inset of Fig. 3.7(b) shows the slopes of the growth 

curves at linear growth region. The summary of the initial growth rates at different 

concentration of ammonia is shown in Table 3.6.  

Table 3.6 Summary of the initial growth rates at different concentration of ammonia.  

[NH3]  

(mol/l) 

Growth rate (slope) 

(kÅ/min) 

Growth rate 

(μm/hr) 

ln(rate) 

(μm/hr) 

5.0 0.0085 0.051 -1.292 

10.0 0.0110 0.066 -1.180 

13.0 0.0130 0.078 -1.108 

14.8 0.0150 0.090 -1.046 
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(b) 

 

Fig. 3.7. (a) Influence of [NH3] concentration (5, 10, 13, and 14.8 M) on the growth 

curves of CuxS films with samples prepared with [CuSO4] = 1 M, [thiourea] = 1 M, 

and [TEA] = 7.55 M at 40ºC. (b) The corresponding logarithmic graph for reaction 

order calculations of the initial growth rate dependence on NH3 concentration with the 

inset showing the initial slopes (growth rates) of Fig. 3.7(a).  

It has been reported by Mondal et al. that complexing the Cu
2+

 ions with TEA 

first, and then adding ammonia yields better quality of films with a maximum terminal 

thickness 
38,39

.  An apparent reaction order of 0.49±0.2 was calculated according to 

Fig. 3.7(b). Normally, the addition of complexing agent decreases the reaction rate. 

The role of ammonia is not only to control the complexation state of copper ions but 

also to provide OH
-
 ions according to the equilibrium reaction expressed in Eq. 3.4, 

tending to increase the growth rate. 
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 Since the ammonia concentration variation gives places to pH variation so the 

reaction order cannot be determined directly with respect to ammonia concentration. 

The reaction order obtained in Fig. 3.7(b) is taken as an apparent reaction order 

affected by pH variation. In order to derive a real reaction order of ammonia, the 

ammonia hydrolysis equilibrium is taken into account 
54

, we can write 

Kb = 10
-4.8

 = [NH4
+
][OH

-
]/[NH3]         (3.5) 

For nonbuffered solutions [NH4
+
] = [OH

-
], hence 

[OH
-
] = (10

-4.8
[NH3])

1/2
            (3.6) 

Using Eq.3.2 for ammonia, we can write 

r = K [NH3]
na

                        (3.7) 

where na is an apparent order and Eq.3.7 can be rewritten as 

r = K [NH3]
nr

 [OH
-
]
1.91

       (3.8)          

where nr is a real reaction order of ammonia. Eq.3.8 can be rewritten using Eq.3.6 

r = K’ [NH3]
(nr+0.96)

             (3.9) 

so nr can be calculated as  

nr = na – 0.96                              (3.10) 

which gives place to a real reaction order for ammonia of -0.47. 
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 The negative apparent reaction order indicates that the role of ammonia 

complexing with Cu
2+

 ions, which lowers the reaction rate when the ammonia 

concentration increases, dominates the role of the variation in pH in the solution. 

 The initial growth rate is given approximately by the following empirical 

equation 

0.52 0.63 - 1.91

4

0.33 0.47

3

[CuSO ] [TU] [OH ]
rateof reaction (μm/hr)

[TEA] [NH ]
K   (3.11) 

K = 2.94×10
6
 [µm

7.78
/mol

2.26
.hr] at 40ºC 

The deposition conditions have an evident influence on the deposition process. 

It is believed that this influence will be related to the film structural characteristics.  

3.3.2 Repartition of copper species 

Since the supersaturation plays a key role both on nucleation as well as on 

growth steps and the control over the rate of reaction for any given material, it is 

needed to understand the formation of complexes which are generally formed prior to 

the addition of the sulfide reagent. In addition, it is important to control the CuxS 

formation preferably on the substrate surface heterogeneously, therefore determining 

the proper molar ratio of copper to complexing agent (TEA) used in the solution to 

prevent the sudden precipitate formation was investigated.  The repartition of copper 

ion, Cu
2+

, introduced in solution as copper salt can form different complex species 

with TEA, (Cu(TEA)n
2+

, n = 1-2), ammonia, (Cu(NH3)4
2+

), hydroxide ion, (Cu(OH)n
2-
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n
, n = 1-4), and thiourea, (Cu(TU)n

2+
, n = 1-4). At equilibrium, the repartition of the 

species in solution is fixed by the whole set of elementary equilibrium reactions, 

characterized by their stability products. The dominant complexes that are taken into 

account for the growth mechanism are Cu(TEA)n
2+

 and Cu(NH3)4
2+

, as they are main 

complexing agents in the solution. Supplying two complexing agents in the same 

chemical bath was common for yielding higher quality films. Ammonia and TEA are 

common used complexing agents for CBD copper sulfide, resulting in the coexistence 

of different copper complexes in the bath.  

Because of the different stabilities of each complex, in order to determine the 

dominant complex species formed in the solution and also the critical ratio between 

Cu
2+

 ion and TEA to form a stable complex, the present of investigation was 

undertaken from UV-Vis-NIR spectrophotometer to obtain the absorption information 

regarding the composition of complexes formed between Cu
2+

 ion and TEA and 

ammonia in solution.  

The maximum absorption of the Cu
2+

-TEA-NH3 solution was investigated 

from the variation of concentrations while maintaining the ratio of 1:7.55:8.22 

(Cu
2+

:TEA:NH3) which presents in the CuxS bath. The effect of increasing the 

concentration of each component in the Cu
2+

-TEA-NH3 system on the absorption is 

shown in Fig. 3.8. An increase in the absorption of the solution is observed with 

increasing concentration at about 670 nm.  
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Fig. 3.8. Absorption spectra for Cu
2+

-TEA-Ammonia solutions with different 

concentrations while maintaining the ratio of 1:7.55:8.22. 

 Fig. 3.9 shows the comparison of the absorption spectra of complexes Cu
2+

-

TEA (1:7.55) and Cu
2+

-NH3 (1:8.22) and Cu
2+

-TEA-NH3 (1:7.55:8.22) solution. This 

obviously represents that the dominant complex did not come from any single 

complex but rather from both complexes taking into account of forming stable 

complexes in the solution.   
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Fig. 3.9. Absorption spectra of Cu
2+

 ion-TEA, Cu
2+

 ion-NH3, and solution containing 

Cu
2+

-TEA-NH3 with a concentration ratio of 1:7.55:8.22. 

 There have been few attempts to determine the formulas of the complexes 

formed in CuxS solution especially the system that contains more than one complexing 

agent. Identifying the form of complexes present in solution gives a better 

understanding in mechanism regarding the growth. As mentioned in the experimental 

earlier that TEA is added into the solution prior ammonia, therefore Cu
2+

 ion will first 

form a complex with TEA. Typical absorption spectra of Cu
2+

-TEA results are shown 

in Fig. 3.10, where the ratios are varied from 1:1 to 1:7.55. A solution with a ratio of 

1:1 demonstrates a very low absorption, corresponding to the quick formation of a 

precipitate in the CuxS CBD. This confirms that a ratio of Cu
2+

-TEA below 1:1 cannot 

form a stable complex as no absorption was found from this optical measurement. The 

complex ratio within the range of 1:1 to 1:5 exhibits a difference in the position of the 

absorption maximum, approximately from 780 nm to 720 nm respectively. Ratios 
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above 1:5 produce no further much change in the spectra where the maximum 

absorption peaks and their positions maintains roughly at the same values.  

 

Fig. 3.10. Spectra of Cu
2+

-TEA system at various concentration ratios; 1:1, 1:2, 1:3, 

1:4, 1:5, 1:6, 1:7, and 1:7.55. All data are for a Cu
2+

 ion concentration of 0.04 M. 

According to Fig. 3.10, we could plot the relationship between the maximum 

absorption and the concentration ratio of Cu
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-TEA as presented in Fig. 3.11(a). This 

shows that the absorption becomes practically constant after reaching the ratio of 1:6, 

which is considered to be a critical ratio or a minimum ratio used to form a stable 

complex in order to prevent precipitation of copper hydroxide or other hydrolysis 

products. In our case, we gave an excess TEA concentration to Cu
2+

 with a ratio of 

1:7.55 (Cu
2+

:TEA), confirming that major Cu
2+

 ions will not be likely to bond with 
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hydroxyl group (OH
-
) to form Cu(OH)2 precipitate in the bulk solution.  

  

(a) 

 

 (b) 

Fig. 3.11. (a) Absorption vs. ratios of Cu
2+

-TEA. (b) Wavelength of the maximum 

absorption vs. ratios of Cu
2+

-TEA. The ratios are varied from 1:1, 1:2, 1:3, 1:4, 1:5, 

1:6, 1:7, and 1:7.55. 

2

2.2

2.4

2.6

2.8

3

3.2

3.4

0 2 4 6 8

A

[Cu2+]:[TEA]

1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8

710

720

730

740

750

760

770

780

790

0 1 2 3 4 5 6 7 8

W
a
v
e
le

n
g
th

 (
n

m
)

[Cu2+]:[TEA]

1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8



64 
 

In addition, a plot of wavelength where the maximum absorption peaks take 

place versus the variation of Cu
2+

-TEA ratios is shown in Fig. 3.11(b). Shifting in 

wavelengths of the ratios above 1:3 is observed, from 730 nm to 720 nm 

approximately. We believe that this is attributed to the different forms of Cu
2+

-TEA 

complexes present in the solution at the certain pH.  

Preliminary investigation of the determination the formulas of the stable Cu
2+

-

TEA complexes formed in aqueous solution is obtained from Fisher et al. 
4
 as shown 

in Fig. 3.12. They conducted a statistical analysis of polarographic data to determine 

the formation constants of the various complexes of Cu
2+

 ions formed in alkaline 

solutions by reaction with hydroxide ion, ammonia, and a number of amines. Studies 

were covered the range of pH 8 to 13. Complexes were represented in a form of 

Cu(A)p(OH)q where A denotes as the complexing agent. The polarographic method 

has particular advantages for the identification and determination of the formation 

constants of complexes which include more than one ligand. Due to the distribution of 

Cu
2+

-TEA complexes as a function of TEA concentration and pH for the Cu
2+

-TEA 

systems, considering at pH = 10 which is the experimental value from CuxS bath 

solution, the Cu(A)2(OH)2 complex is the principal species at TEA concentration of 

1.28 M while Cu(A)(OH)2 predominates when TEA concentration is 0.16 M. In the 

deposition of CuxS thin films, final TEA concentration of 0.755 M after mixing all the 

reactants is in between 0.16 M and 1.28 M, hence the complexes that are expected to 

form consist of both Cu(TEA)(OH)2 and Cu(TEA)2(OH)2. This finding is supported by 

the result in Fig. 3.11(b), showing the shift in wavelength when the ratios of Cu
2+ 

and 
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TEA are varied. This conclusion is also in good agreement with the results from 

Casassas et al. 
102

. They claimed that at high TEA concentrations (higher than 0.1 M) 

with pH = 10 the prevailing species is Cu(TEA)2(OH)2. The stoichiometries proposed 

for all the complexes in the system are under the assumption of stepwise formation 

with the concentration of TEA. In this case, it can be explained that the process 

observed is the addition of a second TEA ligand to Cu(TEA)(OH)2 complex to form 

Cu(TEA)2(OH)2. The variation of TEA concentration and pH could be accounted for 

the interaction of the complex with the hydroxyl ion. A generalized equation for the 

reaction of Cu
2+

 ion and TEA in basic solution can be written: 

y-2

qp

2 OH)(CuAq.OHp.ACu  
   (3.12) 

where A is TEA, p and q are numbers of molecules of TEA and OH
-
, respectively. 

 

  

 

 

 

 

 

 

 

 

Fig. 3.12. Distribution of complexes for Cu
2+

-TEA system 
4
. (Numbers on the curves 

are concentration of TEA) 
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 Next we consider the complex of Cu
2+ 

and ammonia. The excess of free Cu
2+

 

ions in solution that are not complexed with TEA primarily and some of those released 

from the complex of Cu
2+

-TEA can form a complex with NH3. Similarly the formula 

of stable Cu
2+

-NH3 complex was also determined from Fisher et al. 
4
 as shown in Fig. 

3.13. At pH = 10, the dominant complex in the system was found to be Cu(NH3)4
2+

 

with the variation of NH3 concentrations of 0.01, 0.16, and 1.28 M. In the case of 

CuxS solution where the final concentration of NH3 is 0.822 M with pH = 10, this 

results in the existing of Cu(NH3)4
2+

. 

 

 

 

 

 

 

Fig. 3.13. Distribution of complexes for Cu
2+

-NH3 system 
4
. (Numbers on the curves 

are concentration of NH3) 

 Therefore the complexes existed in the deposition of CuxS thin films 

essentially consist of Cu(TEA)(OH)2, Cu(TEA)2(OH)2, and Cu(NH3)4
2+

. The 

proportion of these complexes is unknown and we assume that there are no mixed 

complexes (i.e. with TEA and ammonia). 
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3.3.3 Formation mechanism of CuxS films  

Based on the experimentally observed results and the fact that the 

concentration of complexing agent is sufficiently high to impede the bulk precipitation 

of the hydroxide, while still allowing its formation on the substrate, the film growth 

undergoes via ion-by-ion process. The resulting thin films are very adherent, uniform, 

and specularly reflecting in appearance. The deposition conditions have a clear 

influence on the deposition process in which it is very probable to have a strong effect 

on the film structural characteristics. The growth mechanism is proposed by the 

following reaction steps: 

1. The mechanism begins with copper ion in solution, which is originated from CuSO4 

salt. The dissociation reaction to produce Cu
2+

 is given in Eq.3.13. 

CuSO4  →  Cu
2+

  +  SO4
2-    

(3.13) 

2. The growth phase is suppressed by reducing the availability of free Cu
2+

 ions 

through the formation of the additional equilibrium: 

   
2

n

2 Cu(TEA)n.TEACu    (3.14) 

3. Then, ammonium hydroxide is added to make an alkaline solution. The equilibrium 

in Eq.3.15 provides ammonia in the solution.  

  
OHNHOHNH 23

-

4      (3.15) 
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The excess free Cu
2+

 ions that did not form a complex with TEA can also complex 

with ammonia, controlling the concentration of free Cu
2+

 ions. 

    
2

433

2 )Cu(NHNH4Cu    (3.17) 

4. Reversible adsorption of dihydroxo-TEA/NH3-copper complexes on substrate 

surface 
103

. 

[Cu(TEA)n]
2+

 + 2OH
-
 + site ↔ [Cu(OH)2(TEA)n]ads       : n = 1, 2         (3.18) 

Similarly,      3ads232

k

k

2

43 2NH])(NH[Cu(OH)   site2OH])[Cu(NH
1

1




        (3.19)              

For the heterogeneous reaction on the substrate surface, the concentration of free 

copper ions is controlled by the formation of the complex equilibrium of both TEA 

and ammonia. When different complexing agents are present, the simultaneous 

presence of different complex ions is recognized. According to Dona et al. 
54

, near the 

glass substrate surface, OH
-
 concentration is believed to be considerably higher than 

the OH
-
 concentration in the solution. The formation of dihydroxo-diammino 

complexes has a tendency of transition metal ions to form mixed aqueous-ammonia 

complexes with coordination numbers of four, where OH
-
 adsorbed ion acts similarly 

to the water molecule. 

5. Adsorption of thiourea by formation of a metastable complex 

    21,n:)SC(NH(TEA)Cu(OH) )SC(NH(TEA)Cu(OH)
ads22n2

k

22adsn2

1

  (3.20) 
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Similarly,    
ads22232

k

22ads232 )SC(NH)(NHCu(OH) )SC(NH)(NHCu(OH)
2

 (3.21) 

6. Formation of CuS by the metastable complex decomposition at this point (it was 

assumed that there is only CuS phase formed through this mechanism) 

[Cu(OH) (T A)nSC(NH )  ads     CuS + n.T A +  H O + CN  H  + site    n = 1,   

 (3.22) 

  siteO2HNHHCNCuS)SC(NH)(NHCu(OH) 2353

k

ads22232

3


     

(3.23) 

 Two processes occur simultaneously and the latter equations, Eq.3.22 and 3.23 

are believed to be an important rate determining film growth step. Its chemical nature 

justifies the activation energy (Ea) value derived earlier. In addition, the prediction in 

mechanism was ruled out based on the QCM study, which showed a dependence of 

growth rate on the initial reactant concentration. However, another possible hypothesis 

is that the linear growth regime could be a combination of ion-by-ion growth and 

cluster-by-cluster growth depending on the various deposition parameters.  

 Based on the CuS formation mechanism, it is also important to determine the 

theoretical growth rate equation as to be compared with the experimental growth rate 

that is determined in section 3.3.1. However, what is needed to consider for the 

theoretical growth rate reaction is that the reaction steps through the complexes of 

Cu
2+

-TEA and Cu
2+

-NH3 occuring in parallel in the solution, as we proposed. 

Therefore, for simplicity we consider only [Cu(NH3)4]
2+

 to be the final and stable 
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complex that forms and remains in the solution. This could be explained on the basis 

of CBD method that all the reactants are finally mixed together in the same bath and 

the fact that ammonia has a higher complexation coefficient than T A (log αCu2+-NH3 = 

8.6, log αCu2+-TEA = 3.4 
104

). This indicates that ammonia acts as a stronger complexing 

agent in the solution, so it takes Cu
2+

 ions away from Cu
2+

-TEA complex. It could as 

well be observed by the final change of solution color from dark blue (Cu
2+

-TEA) to 

bright blue (Cu
2+

-NH3) once we put in ammonia after TEA.  

 We let θ1 = [Cu(OH)2(NH3)2]ads and θ2 = [Cu(OH) (T A)nSC(NH )  ads, where 

both are the substrate surface fractions covered by both complexes, respectively. 

According to Eq.3.23 which is the rate-limiting step in the mechanism, the growth rate 

could be given by 

rtheor = k3Csθ2      (3.24) 

where Cs is the surface site concentration. If we assumed the process to be in the 

stationary state, therefore the change in concentration of all the intermediates that 

appear in the solution with time would go to zero, as written in Eq.3.25 and Eq.3.27. 

d[Cu(OH) (NH ) SC(NH ) ]

dt
 = 0 = k [SC(NH ) ]Csθ1    k Csθ               ( .  ) 

θ  = 
k [SC(NH ) ]θ1

k 
                                               ( . 6) 

Apply the same to the other intermediate species 

d[Cu(OH) (NH ) ]

dt
  =  0                                          ( .  ) 
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k1[Cu(NH ) 
 +] [OH-]

 

Cs(1-θ1-θ ) - k-1
[NH ]

 Csθ1 - k [SC(NH )  Csθ1 = 0      ( . 8)                                                            

k1[Cu(NH ) 
 +] [OH-]

 

 = k1[Cu(NH ) 
 +] [OH-]

 

(θ1+
 k [SC(NH ) ]θ1

k 
) + k-1

[NH ]
 θ

1
+ k [SC(NH ) ]θ1        

        (3.29)                                                                                                            

θ1  =  
k1[Cu(NH ) 

 +][OH-]
 

k1[Cu(NH ) 
 +][OH-]

 

+ 
k1k 
k 

[Cu(NH ) 
 +][OH-]

 

[SC(NH )   + k-1
[NH ]  + k [SC(NH )  

            ( . 0)  

Substitute 1 into Eq.3.26 

θ  = 
k1k 

k 

[Cu(NH ) 
 +][SC(NH )  [OH-]

 

k1[Cu(NH ) 
 +][OH-]

 

+ 
k1k 
k 

[Cu(NH ) 
 +][OH-]

 

[SC(NH )   + k-1
[NH ] + k [SC(NH )  

          ( . 1)  

Therefore, according to Eq.3.24 the theoretical growth rate equation can be written as 

follow 

r  =  k1k Cs

[Cu(NH ) 
 +][SC(NH )  [OH-]

 

k1[Cu(NH ) 
 +][OH-]

 

+ 
k1k 
k 

[Cu(NH ) 
 +][OH-]

 

[SC(NH )   + k-1
[NH ]  + k [SC(NH )  

      ( .  )  

This equation is very similar to the equation derived from the deposition of CdS thin 

film mechanism proposed by Dona et al. 
54

 .  

 For comparing the theoretical equation to the experimental equation, it is 

necessary to consider the approximation for simplicity. Similar to the CdS situation, 

the initial tetraammino copper complex ion concentration can be taken as the same as 

the initial copper sulfate concentration 
54

. [CuSO4] = 0.1 M, [thiourea] = 0.056 M, 

[TEA] = 0.755 M, [NH3] = 0.8214 M, and [OH
-
] = 0.0163. In this case, it is possible 
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to neglect all the terms in the denominator in Eq.3.32 against k-1[NH3]
2
. Finally the 

theoretical growth rate equation can be rewritten as 

rtheor = 
k1k Cs

k 1

[Cu(NH ) 
 +][SC(NH )  [OH ] 

k 1[NH ] 
                      ( .  )  

or 

rtheor = K
  
[Cu(NH ) 

 +][SC(NH )  [OH ] 

k 1[NH ] 
                                  ( .  ) 

The obvious difference between the theoretical equation in Eq.3.34 and the 

experimental equation in Eq.3.11 is the presence of TEA concentration term in the 

denominator. Because we had assumed earlier that there is only ammonia that forms 

as the final complex in the solution in theoretical mechanism, however in experimental 

there could be a mixture of remaining Cu
2+

-TEA complex and Cu
2+

-NH3 complex 

coexisting in the solution bath. This explanation is in a good agreement with the 

measured absorption spectrum of the solution containing Cu
2+

-TEA-NH3 in Fig. 3.9 

that locates between absorption spectra of Cu
2+

-TEA complex and Cu
2+

-NH3 complex. 

3.4 Morphology Dependence of CuxS Thin Films and Particulate Growth on 

Deposition Conditions 

The results of visual examination and Scotch tape test of the obtained films 

indicate that glass substrate provides suitable nucleation sites for the growth of CuxS 

thin films with good adhesion of the film to the substrate surface. The microstructure 

and crystalline structure of the CuxS films prepared by CBD were studied by SEM and 

TEM. SEM micrographs of samples prepared from the composition of [CuSO4] = 1 
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M, [thiourea] = 2.02 M, [TEA] = 7.55 M, and [NH3] = 14.8 M at 40°C with different 

deposition times (30, 40, and 60 min) are shown in Fig. 3.14. These micrographs 

display densely packed films with granular morphologies. The grain sizes increase 

with an increase of deposition time, ranging from about 70-200 nm. More large 

particles appear on the surface as a consequence of the longer deposition time. These 

large particles might come from the sticking of particles formed in the solution.  

The investigation on the surface roughness of CuxS thin films was examined 

by atomic force microscopy (AFM). The inset images in Fig. 3.14(a-c) show the 

evolution of Root mean square roughness (RMS), RMS is defined as the standard 

deviation of the surface height profile from the average height, of 32.0, 32.8, and 36.7 

nm of the films deposited for (a) 30 min, (b) 40 min, and (c) 60 min, respectively. The 

results from the AFM are consistent with the results from the SEM accordingly, 

showing the formation of larger size grains at longer deposition time. 

 

(a) 

0.124 µm

0.129 µm
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(b) 

 

(c) 

Fig. 3.14. SEM micrographs of CuxS films prepared at (a) 30 min, (b) 40 min, and (c) 

60 min with [CuSO4] = 1 M, [SC(NH2)2] = 2.02 M, [TEA] = 7.55 M, and [NH3] = 

14.8 M at 40°C. The insets show AFM images of CuxS thin films deposited for 30 

min, 40 min, and 60 min accordingly. 

 A cross-sectional SEM image of the resulting CuxS thin film deposited on 

glass substrate for 60 min is shown in Fig. 3.15. The measured thickness is about 80 

nm which corresponds to the QCM growth curve obtained earlier for the bath 

0.335 µm

-0.102 µm

0.685 µm

0.436 µm
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containing [CuSO4] = 1 M, [SC(NH2)2] = 2.02 M, [TEA] = 7.55 M, and [NH3] = 14.8 

M at 40°C. The cross-sectional SEM also shows larger particles on top of the film. 

The observed film thickness is low because part of the reacting species is lost to the 

competing formation of CuxS particles in the solution.   

 

Fig. 3.15. Cross-sectional SEM image of CuxS deposited for 60 min, with [CuSO4] = 1 

M, [SC(NH2)2] = 2.02 M, [TEA] = 7.55 M, and [NH3] = 14.8 M at 40°C. 

We deposited CuxS heterogeneously on the thin lacey carbon surface of TEM 

copper grid. The film was prepared by dipping the grid in a batch solution at 40°C for 

15 minutes. The TEM image of CuxS given in Fig. 3.16(a) shows a large collection of 

rice-shaped nanoparticles. Fig. 3.16(b) shows the corresponding a high resolution 

image of the CuxS nanocrystal. The image shows a number of nanocrystals at the order 

of a few nanometers on the grid with clearly observed lattice image. The 

corresponding fast Fourier transform (FFT) image is given in Fig. 3.16(c). The 
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observed lattice-plane spacing-d values are in good agreement with the JCPDS card 

no. 06-0464 for the hexagonal phase of CuS with a = 3.792 Å and c = 16.344 Å. 

 

(a) 

 

(b) 
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(c) 

Fig. 3.16. High resolution TEM images of CuxS thin films from a heterogeneous 

reaction prepared by dipping the copper grid in hot solution for 15 min at 40°C. (a) 

low resolution image of CuxS film, (b) high resolution image of the lattice fringes, and 

(c) FFT pattern. 

CuxS particles formed homogeneously in the solution were also studied by 

TEM as a function of deposition time. TEM images of nanoparticles taken from the 

solution at the deposition time of 10, 15, 30, and 40 minutes are given in Fig. 3.17 (a-

d). It can be clearly observed from the micrograph at 10 min in Fig. 3.17(a) that the 

very small particles were formed in the solution at the beginning of the process, 

showing a speckled appearance of spherical particles. At 15 min, these small particles 

(<10 nm) start to aggregate with each other and form a network (Fig. 3.17(b)). At this 

stage there is no obvious single particle forming and growing. At 30 min (Fig. 

3.17(c)), larger particles with a size of about 30-50 nm were observed. Particles 

continue to grow to 60-80 nm at 40 min of deposition time (Fig. 3.17(e)). The large 
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particles tend to aggregate together and form clusters which might correlate with the 

large particles observed in the SEM micrographs (Fig. 3.14 (c-d)). 

  

 

 

 

 

 

 

 

(a)                                                                 (b) 

 

 

 

 

 

 

 

 

                               (c)                                                              (d)   

Fig. 3.17. TEM micrographs from copper sulfide films deposited for (a) 10 min, (b) 15 

min, (c) 30 min, and (d) 40 min. 
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Fig. 3.18(a-c) shows SEM micrographs of CuxS films prepared under the 

conditions consisting of final [TEA] = 0.755 M, [NH3] = 0.821 M at 40°C by varying 

the final [CuSO4]/[SC(NH2)2] ratio in the reaction bath (0.100:0.112, 0.100:0.056, and 

0.100:0.028 M, respectively) with a deposition time of 50 minutes. It is observed that 

for the ratios of 0.100:0.112, where thiourea is in an excess of copper concentration, 

the film is continuous, compact with good coverage of the substrate, as shown in Fig. 

3.18(a). Whereas the films obtained at ratio of 0.100:0.056 and 0.100:0.028, when the 

concentration of thiourea is less than copper, the films do not fully cover the glass 

substrate surface, as shown in Fig. 3.18(b-c). This result coincides with the film 

appearance in which the film is discontinuous across the substrate surface. According 

to these observations, it could be explained on the basis of the reaction mechanism 

proposed earlier (section 3.3.3) that CuxS film deposition requires the formation of 

meta-stable complex of copper, [Cu(OH)2(TEA)n]ads and [Cu(OH)2(NH3)2]ads, as 

anchoring sites for the thiourea molecule adsorption (as shown in equation 3.20 and 

3.21). Therefore, when there is the excess presence of thiourea molecules compared to 

the anchorage sites of the complexes of copper, all of them could be occupied, 

resulting in the uniform formation of CuxS film across the substrate surface. On the 

contrary, in a thiourea deficient condition not all the anchorage sites of copper were 

occupied, resulting in the nonuniformly covered films. This result clearly shows that 

the proper copper to thiourea ratio is important for obtaining continuous film 

coverage.  
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(a) 

 

(b) 
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(c) 

Fig. 3.18. SEM micrographs showing the influence of [CuSO4]/[SC(NH2)2] ratio on 

the surface morphology of the 50 min deposited CuxS films prepared at 40°C. (a) 

0.100:0.112, (b) 0.100:0.056, and (c) 0.100:0.028. 

 The elemental composition of the CuxS thin films and the precipitate formed in 

solution concurrently with film growth was investigated and measured using EDS. 

The as-deposited and annealed films were deposited from the bath consisting of final 

[CuSO4] = 0.1 M, [SC(NH2)2] = 0.1 M, [TEA] = 0.755 M, and [NH3] = 0.821 M at 

40°C for 60 min, and annealed in air at 150°C for 1 hr, respectively, onto glass 

substrates. Comparison of copper and sulfur is made using the Cu(K) and the S(K) 

lines. The numerical atomic percentage values for copper and sulfur are present in 

Table 3.7, in which they were averaged out from three different areas on the films. In 

the as-deposited film, the ratio of Cu:S is ~1.16:1, while in the annealed film the ratio 

slightly increased to ~1.5:1. The amount of oxygen in the analysis of the annealed film 
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shows a slight increase compared to the unannealed film. This indicates that the 

increase in oxygen content was therefore attributed to the annealing process and that 

oxygen in the air was incorporated into the CuxS film.  

Table 3.7 Average numerical data for EDS analysis of thin films deposited on glass 

substrates. 

Element As-deposited 

(atomic %) 

Annealed 

(atomic %) 

Copper 53.70 60.00 

Sulfur 46.30 40.00 

 

3.5 Phase Identification 

Since copper sulfides are stable in five different forms at room temperature, it 

is important to identify which phase of copper sulfide possesses at the certain bath 

condition. In general, X-ray diffraction (XRD, Bruker X-ray) is the most common and 

ideal technique to investigate the phase of materials as well as the crystallinity of 

either thin film samples or the precipitate produces concurrently in the process. 

3.5.1 X-Ray Diffraction 

 Fig. 3.19 presents the XRD patterns for as-deposited and annealed CBD copper 

sulfide thin films deposited onto glass substrates at 40°C. The diffractometer was 

optimized with a scan step of 0.0    θ at     θ per min. It is probable that XRD did 

not show any diffraction peak for the CuxS films deposited by this method is due to 

the limited thickness of these films which is one of the restrictions of the chemical 
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bath deposition method. The deposition bath consisting of triethanolamine and 

ammonia seems to fail to obtain any useful XRD pattern from as-deposited thin films 

of copper sulfide 
23,105

. Huang et al. showed that annealing the film at 150°C in air for 

12 hr or at 250°C in air for 12 hr could obtain pronounced peaks 
23

. This is attributed 

to the increase in grain size which occurs upon annealing for the thin film. 

 

Fig. 3.19. XRD pattern of as-deposited and annealed copper sulfide thin films on glass 

substrate.  

 Precipitates formed homogeneously in the deposition bath were also 

investigated to identify the phase present in the deposit. The precipitates were 

collected at the end of the deposition and washed off with DI water, followed by 

centrifuging for three times to get rid of the unreacted precursors. The particles 

obtained were dropped onto the glass substrate and dried in air for analysis. Fig. 

3.20(a) presents the XRD pattern of as-deposited precipitates. The reflection peak 

obtained is well defined and matches well with that of covellite (CuS) phase (JCPDS 
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06-0464). In addition, the crystal structure of CBD CuxS precipitates was 

characterized using high resolution TEM. Powder was dispersed in ethanol and then it 

was deposited on a TEM grid with carbon support. Selected area electron diffraction 

(SAED) pattern was obtained from polycrystalline particles, as present in Fig. 3.20(b). 

The pattern also matches well with JCPDS 06-0464 and corresponds to the XRD data 

where the reflection of hexagonal CuS phase is present. These observations are 

consistent with HRTEM result and EDS elemental analysis which show that copper 

sulfide thin film formed heterogeneously on the substrate has the similar covellite 

phase to the homogeneous particle formation in the solution.   

 

                                                      (a)                                                         (b) 

Fig. 3.20. (a) XRD pattern and (b) SAED pattern of copper sulfide precipitate formed 

in a chemical bath. 
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3.5.2 Raman Spectroscopy 

 The use of Raman spectroscopy has also been extensively used for the 

identification of thin films. In the case of the copper sulfide minerals, the identifiable 

bands of Raman spectra have been observed for covellite phase (CuS), whereas the 

Raman spectra for chalcocite phase (Cu2S) do not exhibit any specific bands 
14

. 

 According to the crystal structure of covellite (see section 1.3), the interactions 

of the S-S pairs give rise to the characteristic Raman bands in the range of 480 – 440 

cm
-1

 in the spectrum of covellite. While bands observed between 100 – 300 cm
-1

 are 

assigned to bending modes of the molecule and those below 150 cm
-1

 to torsional 

modes.  

 The Raman spectrum was collected from as-deposited copper sulfide thin films 

using the wavelength of 532.4 nm. Fig. 3.21 exhibits a strong band of copper sulfide 

thin film deposited on glass substrate at 40°C for 50 min at 471 cm
-1

, which indicates 

the mineral covellite and corresponds to the HRTEM result.  
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Fig. 3.21. Raman spectrum of copper sulfide film deposited on glass substrate at 40°C 

for 50 min. Excitation wavelength is 532.4 nm. 

3.6 Optical Properties 

 The optical transmittance and optical band gap of the CuxS thin films were 

measured using a UV-visible spectrophotometer. The optical transmission spectra of 

the CuxS films, prepared from the final [CuSO4]/[SC(NH2)2] molar ratio of 

0.100:0.056 at 40°C and obtained at various durations of deposition ranging from 30 - 

120 minutes, are shown in Fig. 3.22. The as-deposited films visually look uniform and 

transparent with a metallic appearance (see the inset in Fig. 3.22). The high 

transmittance for all films is observed in the visible region and the transmittance 

becomes lower with a slight difference in transmission for the films obtained at longer 

deposition times. This observation is due to the change of chemical composition of 
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time. Optical transmission measurements were also performed for films obtained from 

chemical baths with various [CuSO4]/[SC(NH2)2] molar ratios at 40
o
C. The spectra 

from films with a 60 minute deposition time and [CuSO4]/[SC(NH2)2] molar ratio of 

0.050:0.056, 0.075:0.056, 0.100:0.056, 0.100:0.042, 0.100:0.028 are given in Fig. 23 

(a), (b), (c), (d), and (e) respectively. These spectra indicate that the CuxS films have 

high transmittance after the absorption edge at about 670 nm throughout the visible 

and near-infrared region. Lower transmittance is observed from films deposited from 

baths with a higher concentration of copper and thiourea.  

The band gap (Eg) of the films was estimated from the intercept of the linear 

portion of the plot of (αh)
2
 against (h) on the (h) axis. Fig. 3.24 shows estimated 

values of band gaps for the CuxS thin films prepared at various deposition times (30 – 

90 min). Values of 2.2 – 2.8 eV were obtained. The reported band gap of copper 

sulfide (CuxS) varies in the range of 1.2 - 2.7 eV, depending on the stoichiometry 
15

. 

We observed a trend of decreasing band gap with the increase in film thickness and 

lower sulfur content. Table 3.8 summarizes the optical band gap, atomic ratio of Cu/S, 

and average grain size for CuxS films with different thickness. Thickness dependence 

of band gap had been attributed to the following reasons: (i) crystal size, (ii) internal 

microstrain, (iii) the degree of preferred orientation, and (iv) stoichiometry (i.e. Cu/S 

atomic ratio) of the film 
106-108

.  It can be seen from Table 3.8 that Cu/S atomic ratio, 

which was determined by EDS, decreases with film thickness. The changing Cu/S 

atomic ratio is likely a result of changing bath chemistry as a function of deposition 

time.  
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The dependence of band gap with the CuxS film composition is shown in Fig. 

3.25. These films were prepared from the solution bath with various ratios of 

[CuSO4]/[SC(NH2)2], resulting in different stoichiometry of CuxS thin films. Table 3.9 

summarizes the optical band gap, atomic ratio of Cu/S, film thickness as well as 

average grain size for CuxS films. In this case the shift in band gap can be attributed to 

different stoichiometry as well.  

 

Fig. 3.22. Optical transmission spectra of as-prepared CuxS films, deposited at 40°C 

with durations of deposition ranging from 30 - 120 min. (The inset image shows the 

film appearance at 50 min).  
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Fig. 3.23. Optical transmission spectra of as-prepared CuxS films, prepared from 

various [CuSO4]/[SC(NH2)2] ratios of (a) 0.050:0.056, (b) 0.075:0.056, (c) 

0.100:0.056, (d) 0.100:0.042, and (e) 0.100:0.028 deposited at 40°C for 60 min. 

 

Fig. 3.24. Estimated band gap from the optical absorption spectrum of the CuxS thin 

film, deposited on glass at 40°C for (a) 30 min, (b) 40 min, (c) 50 min, (d) 60 min, and 

(e) 90 min.  
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Table 3.8 Influence of deposition time and basic characteristics of CuxS films. 

Deposition time 

(min) 

Atomic ratio 

Cu/S 

Film thickness  

(nm) 

Grain size 

(nm) 

Band gap  

(eV) 

30 1:1.32 45 93 (±15) 2.80 

40 1:1.19 60 108 (±10) 2.50 

50 1:1.12 78 153 (±10) 2.40 

60 1:0.90 85 160 (±25) 2.30 

90 1:0.88 120 200 (±20) 2.20 

 

 

 

Fig. 3.25. Estimated band gap from the optical absorption spectrum of the CuxS thin 

film, deposited on glass substrate from various [CuSO4]/[SC(NH2)2] ratios of (a) 

0.050:0.056, (b) 0.075:0.056, (c) 0.100:0.056, (d) 0.100:0.042, and (e) 0.100:0.028 at 

40°C for 60 min.  
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Table 3.9 Bath composition and basic characteristics of CuxS films. 

[CuSO4]/[SC(NH2)2] 

(molar ratio) 

Atomic ratio 

Cu/S 

Film 

thickness 

(nm) 

Grain size 

(nm) 

Band gap 

(eV) 

0.050:0.056 1:1.23 45 100 (±20) 2.66 

0.075:0.075 1:1.04 70 135 (±15) 2.43 

0.100:0.056 1:0.89 90 200 (±20) 2.30 

0.100:0.042 1:0.92 55 130 (±15) 2.36 

0.100:0.028 1:0.94 50 116 (±10) 2.48 

 

3.7 CBD Yield 

Metal chalcogenide thin film deposition by CBD is based on the controlled 

precipitation of metallic ions and sulfide ions in a solution of controllable 

concentrations. As mentioned in the literature review part, thin film formation can 

undergo either by both ion-by-ion mechanism (heterogeneous reaction) and/or cluster-

by-cluster mechanism (homogeneous reaction). During the CBD process, part of the 

reacting precursors is lost to the homogeneous deposition, resulting in particle 

formation in the solution which is highly undesirable. The remaining is used for the 

adsorption of Cu
2+

 and S
2-

 ions on the substrate, which is a desirable heterogeneous 

process, to form a thin film. Because the entire solution bath is heated, deposition on 

the substrate is limited by competing precipitation in solution and the deposition on 

the container wall 
48

. For this reason, CBD method offers a low material yield due to 
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the inefficient utilization of reactants and the relatively significant amount of waste 

generation 
109,110

.  

Investigation of the yield of deposition requires accurate measurement of the 

mass or volume of material deposited on the substrate as a function of growth time. 

The material yield was calculated by dividing the number of moles of copper sulfide 

deposited on the substrate at a given time by the initial moles of copper in the 

chemical bath. In this case, we determined the total mass of copper sulfide deposited 

by QCM as it can measure the accumulated mass of material on the quartz crystal over 

time accurately. Fig. 3.26(a-b) shows the copper sulfide thin film mass and yield, 

respectively, deposited by CBD as a function of time. The CBD yield increases with 

time until the solution becomes saturated. The maximum yield obtained by CBD was 

only 0.25% after 2 hr which is considered relatively low. This yield was recorded for a 

single substrate in an 80-ml bath, as described in the experiment setup (section 3.2). 

However, the yield could be varied depending on the size and shape of the reactor as 

well as the number of substrates it contains 
48

.  
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(a) 

 

(b) 

Fig. 3.26. (a) Mass of CuS deposited on the substrate versus time and (b) Yield as a 

function of time, in a CBD bath at 40°C. 
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Readigos et al. 
111

 and Nair et al. 
112

 established the dependence of the thin-

film process yield on the separation between substrates during the deposition. The use 

of very small substrate separation eliminates the passive layer of the bath, which 

contributes solely to precipitation, while the active layer which is close to the substrate 

is utilized towards the film formation. The optimum separation between substrates of 

0.1 mm could achieve more than 90% of the maximum possible process yield.  

Lo et al. also proposed a different technique to improve the thin-film yield by 

using a shallow bath configuration with a substrate heated at the bottom for the 

chemical deposition of CdS thin film 
110

. The shallow depth of solution with the top 

cooling offers high thermal gradients to avoid the homogeneous nucleation. This 

allows for a higher deposition thin film on the substrate, leading to higher yield.  
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CHAPTER 4 

MICROREACTOR-ASSISTED SOLUTION DEPOSITION 

For a better understanding and optimization of the CBD process, a 

microreactor-assisted solution deposition (MASD) process has been developed to 

overcome the drawbacks associated with the conventional CBD which consists of 

multi-stage reaction during the deposition with competing undesirable homogeneous 

reactions. This developed process provides the benefit of introducing a constant flux of 

reactant solutions to the system through a micromixer to achieve efficient mixing of 

the reactant streams in a variable of residence times that allows a temporal control 

over the homogeneous reaction of the chemical bath solution before the solution 

impinges on the substrate. By controlling the residence time and temperature, a 

particle-free flux in a reactant stream was successfully achieved, leading to a desirable 

heterogeneous film growth without particle formation. In this case, unwanted 

deposition on the walls of the vessels and homogenous CuxS particle formation in the 

chemical bath can be minimized. CuxS films from the MASD are uniform and smooth. 

Furthermore, reaction conditions can be optimized by independently changing the 

temperature of the mixed solution and the substrate, reactant concentration (the total 

concentration of precursors in the solution), and the flow rate (residence time).  
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4.1 Experimental Setup 

Substrate preparation - Microscope glass slides measuring 0.5 in. × 0.5 in. 

were used for the deposition. Initially glass slides were cleaned with a commercial 

detergent solution by scrubbing followed by acetone, methanol, and deionized (DI) 

water. Finally clean substrates were dried in flowing nitrogen before use for the 

deposition. 

Deposition of CuxS thin films - The deposition system consists of a peristaltic 

pump, two 0.125 in. ID tygon ST tubing, a micromixer, a 3 in. diam stainless steel 

metallic plate, and a 2 in. diam by 0.75 in. thick heating hotplate with a temperature 

controller. The schematic presentation of the deposition system is shown in Fig. 

4.1(a). The reactant streams A and B were initially pumped into the tygon tubing 

individually and allowed to mix through the micromixer. Based on the formulation of 

CuxS thin films deposited by CBD, the final concentration of each reactant in the 

solution bath consists of [CuSO4] = 0.1 M, sodium acetate [NaAc] = 0.1 M, 

triethanolamine [TEA] = 0.755 M, ammonia [NH3] = 0.821 M, and thiourea 

[SC(NH2)2] = 0.056 M, resulting in the ratio of 

[CuSO4]:[NaAc]:[TEA]:[NH4OH]:[SC(NH2)2] = 1:1:7.55:8.21:0.56. In the continuous 

flow process, stream A was varied from 0.02 - 0.1 M of CuSO4, 0.02 - 0.1 M of NaAc, 

0.151 - 0.755 M of TEA, and 0.164 - 0.822 M of NH4OH in 40 ml of DI water. Stream 

B was varied from 0.011 - 0.056 M of SC(NH2)2 in 40 ml of DI water. The resulting 

mixture, from the micromixer, was then passed through 0.04 in. ID and 10.43 in. long 
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polycaryl-ether etherketone (PEEK) tubing (from Upchurch Scientific) which was 

enclosed coaxially in a tygon tube, serving as a shell and tube heat exchanger with hot 

water circulation by a constant bath temperature. The solution was impinged on the 

glass substrate with an area of 11 cm
2
, which was taped on the metallic plate heated 

on a hot plate. Once the process was completed, the substrate was removed, washed 

with DI water, and dried under a stream of nitrogen gas.  

In-situ growth measurement - The growth kinetics of deposited CuxS thin films 

under the variation of reaction conditions were measured using a quartz crystal 

microbalance (QCM, Maxtek incorporated Model at a frequency of 5 MHz gold, 

polished). The QCM flow cell system with an inlet and outlet was used for the 

continuous deposition process, as shown in Fig. 4.1(b). The setup consisted of a QCM 

flow cell probe with a quartz crystal inserted inside and immersed in the water bath to 

control the temperature. The signal from the quartz crystal probe is sent to the quartz 

crystal monitor and computer for data acquisition. 

Characterization of CuxS thin films - The surface morphology and composition 

of CuxS thin films was characterized by SEM coupled with EDS. TEM was used to 

study the particle formation from both homogeneous reaction and heterogeneous 

reaction. TEM samples from homogeneous reaction were prepared by collecting drops 

of solution from the PEEK tube on the carbon-coated TEM copper grid. Whereas 

TEM samples from heterogeneous reaction were obtained the same way except that 

the T M grids were placed on the hotplate, heated at corresponding condition’s 
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temperature, and rinsed with DI water and dried after the deposition. The optical 

transmission and optical band gap of CuxS thin films were determined using UV-Vis 

absorption measurement (JASCO V670 sepctrophotometer). 

 

(a) 

 

(b) 

Fig. 4.1. (a) Schematic diagram of the MASD system and (b) schematic diagram of in-

situ QCM flow cell setup for kinetic study. 
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The crystallization followed by the precipitation of particles starts from the 

nucleation and continues growing in a supersaturated solution. Before the crystals can 

be developed, there must be embryos, seeds, or nuclei that first exist in the solution. 

Nucleation however can occur either spontaneously (homogeneous nucleation) or 

induced artificially (heterogeneous nucleation). 

In MASD process, the homogeneous and the heterogeneous reactions can be 

controlled separately by temperature and residence time (flow rate). Experimentally, 

the homogeneous reaction of the impinging fluxes was controlled by the temperature 

of the water circulation and the residence time (flow rate), while the heterogeneous 

reaction on the substrate was controlled by the temperature of the hotplate. Carrying 

out the experiment by this approach enabled us to separate the homogeneous and 

heterogeneous reaction for CBD at certain conditions and to obtain high-quality 

particle-free CuxS thin films. 

4.2 Controllable Parameters 

Though CBD has many advantages, it also possesses some major drawbacks of 

producing the homogeneous CuxS particle formation in the bath due to the supplied 

heat in bulk resulting in a lot of waste generation. A developed MASD process offers 

a uniform thermal and constant flux of reactant solution to the substrate as well as 

allowing a precise control over the homogeneous reaction of the chemical bath 

solution before it impinges on the substrate. In addition, it is capable of obtaining a 

continuous thin film at relatively short deposition compared to the hours of deposition 
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time normally required for CBD deposition. According to these advantages, MASD 

can be controlled individually by these following parameters;  

4.2.1 Concentration of mixed reactants 

 In preliminary experiments, the condition of MASD system was based on the 

CBD bath composition as described in Chapter 3. Due to the efficient mixing and 

uniform thermal flux of MASD, the concentration of mixed reactants could be 

decreased relatively to the concentration of CBD. The concentrations with twice and 

five times lower than that of CBD were taken into account as to achieve high-quality 

films and chemical saving. Table 4.1 summarizes the variation of the final 

concentration used in MASD process for film optimization.  

Table 4.1 Variation of final concentration of mixed reactants used in MASD.   

 

4.2.2 Residence time 

 The residence time in the MASD process is the time in which the mixed 

solution after the micromixer travels along the PEEK tubing before the solution 

impinges on the substrate. It can be easily controlled by the adjustable flow rate of 

Experimental Set 
CuSO4 

(M) 

NaAc 

(M) 

TEA 

(M) 

Ammonia 

(M) 

Thiourea 

(M) 

A (same as CBD) 0.1 0.1 0.755 0.822 0.056 

B (1/2 time of CBD) 0.05 0.05 0.375 0.411 0.0278 

C (1/5 time of CBD) 0.02 0.02 0.151 0.164 0.011 
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mixed solution. Table 4.2 presents the relationship between the residence time and the 

flow rate.  

Table 4.2 The relationship between residence time and flow rate of mixed reactant.  

Flow rate (ml/min) Residence time (s) 

0.087 143.54 

0.10 124.88 

0.12 104.07 

0.14 89.19 

0.16 78.05 

0.18 69.38 

0.20 62.44 

4.2.3 Temperature 

 Another distinctive parameter to control both reactions is the temperature 

where the temperature of water circulation is to control the homogeneous reaction 

while the temperature of the hot plate is to control the heterogeneous reaction. The 

temperatures of these reactions are varied to achieve an optimized film quality, as 

shown in Table 4.3.   

Table 4.3 Variation of temperatures to control homogeneous reaction and 

heterogeneous reaction. 

Reaction Temperature (°C) 

Heterogeneous (hot plate) 40 - 80 

Homogeneous (water circulation) 25 - 40 
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4.3 Investigation of Nanoparticle Formation in the Solution 

 The preliminary study was to find the optimum deposition condition to favor 

the heterogeneous growth through a molecule-by-molecule mechanism by avoiding 

the particle formation in the homogeneous reaction. Because the MASD process has 

an advantage of decoupling the heterogeneous reaction and the homogeneous reaction, 

therefore it is easier to control the adjustable key parameters (temperature and 

residence time) to obtain a particle-free flux before the reactant solution impinges on 

the substrate and result in the uniform CuxS thin films. A series of TEM 

characterizations of different reaction conditions were performed.  

Initially, samples were prepared from the solution containing the same 

concentration of mixed reactants same as that of CBD which is listed as set A, shown 

in Table 4.1. The water circulation temperature (or homogeneous temperature, Thomo) 

was set at 40°C and the substrate temperature (or heterogeneous temperature, Thet) was 

set at 40°C. The residence time was varied from 62 - 125 s. Fig. 4.2 (a-c) show the 

small CuxS nanoparticles deposited along the copper grid from the homogeneous 

reaction for 30 s with residence times of 125, 104, and 62 s, respectively. Particles 

formed from different residence times show relatively uniform in sizes, represented by 

histograms of the particle size distribution which were obtained by counting the total 

number of particles in the micrographs. The mean particle diameter (dM) was 

calculated using the formula dM = Σdi.ni/Σni, where ni was the number of particles of 

diameter di 
113

. A large number of CuxS nanoparticle formation was observed at the 

long residence time, as shown in Fig. 4.2(a), and a decrease in number of CuxS 
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nanoparticles was obtained at shorter residence times (Fig. 4.2 (b – c)). However, the 

results show that even the residence time was decreased, we still could not avoid the 

CuxS particle formation. This leads to particle sticking on the surface, resulting in the 

non-uniform films. This corresponds to the film appearance as it was rough, non-

reflective, and non-uniform. It was noted that further decreasing in either 

homogeneous or heterogeneous temperature at this concentration could not obtain the 

film deposition. 
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                                        (c)                                                       (d) 

Fig. 4.2. TEM micrographs of CuxS nanoparticles collected from homogeneous 

reaction and the mixed reactant concentration of set A, at Thomo = 40°C, Thet = 40°C, 

and at the residence times of (a) 125 s, (b) 104 s, and (c) 62 s. (d) TEM micrograph of 

CuxS film collected from homogeneous reaction, the mixed reactant concentration of 

set B, and at the residence time of 125 s. All images are included with the particle size 

histograms.  
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minimum residence time of 125 s (flow rate = 0.1 ml/min), Thomo = 40°C, and Thet = 

40°C produced the most uniform and continuous CuxS films. Fig. 4.3 demonstrates the 

TEM micrographs deposited heterogeneously for the deposition times of (a) 10 s, (b) 

30 s, (c) 50, and (d) 75 s. It is clearly seen from the micrograph from deposition time 

of 10 s in Fig. 4.3(a) that these uniform nanoparticles of 20-30 nm were deposited 

continuously on the heated copper grid. The particle sizes increase slightly to about 40 

nm at 30 s, as shown in Fig. 4.3(b). The observed larger particles were composed of an 

aggregation of smaller particles. At 50 s, another layer of nanoparticle formation 

appears on top of the lower layer, as shown in Fig. 4.3(c). This observation could be 

attributed to the secondary nucleation occurring in the presence of a solute particle 

interface which is induced by crystals. However, large particles of about 100 - 150 nm 

connected with each other were observed in some area, present in the inset image of 

Fig. 4.3(c). These large particles sticking were produced from homogeneous reaction 

in which they were built up along PEEK tube, flushed off by the flow of solution and 

attached on the substrate surface. Nanoparticles continue to grow and tend to connect 

with each other and cover the substrate completely at the deposition time of 75 s, as 

shown in Fig. 4.3(d). The inset image also demonstrates an increase in sizes of large 

particles sticking from homogeneous reaction in some area on the substrate. Again, it 

was noted that further decreasing either homogeneous or heterogeneous temperature 

could not obtain the film deposition at this concentration. 
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             (a)                                                         (b) 

 
                              (c)         (d) 

 

Fig. 4.3. TEM micrographs of CuxS films collected from heterogeneous reaction with 

the mixed reactant concentration of set B, at Thomo = 40°C, Thet = 40°C, and at the 

residence times of 125 s for the deposition times of (a) 10 s, (b) 30 s, (c) 50 s, and (d) 

75 s. The inset image in Fig. 3(b) shows SAED pattern of the film and the inset images 

in Fig. 3(c - d) show the particle produced from homogeneous reaction sticking on the 

surface.   
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 To support the result obtained earlier, we investigated the particle formation 

from the homogeneous reaction in the PEEK tube at the minimum residence time that 

could maintain the film formation (125 s). As a result, we still could not avoid the 

particle formation as these particles connect like a chain, as shown in Fig. 4.2(d), and 

form a cluster which results in sticking on the substrate as observed in inset images in 

Fig. 4.3 (c-d). 

 Since the concentration of mixed reactants is still too high to obtain a particle-

free flux, further decreasing concentration of mixed reactants to 5 times lower than 

that of set A was considered (listed as set C). We controlled various deposition 

conditions and finally we successfully obtained the condition where no particle 

formation was observed in the homogeneous reaction. Thomo was set to be at room 

temperature (~25°C) and Thet was kept at 80°C. The minimum residence time used for 

this deposition condition was 62 s (flow rate = 0.2 ml/min). At this optimum 

processing condition, there was no evidence of particle formation from the 

homogeneous reaction on the surface of the grid. This suggests that the reaction was 

carried out within the induction time period for homogeneous particle formation. 

Employing this particle-free flux condition, the CuxS film growth was focused on the 

heterogeneous surface reaction. Fig. 4.4(a-c) illustrate TEM micrographs collected 

from the heterogeneous reaction from different deposition times; a) 10 s, b) 20 s, and 

c) 30 s, respectively. The film shows a higher coverage with an increase in the 

deposition. Fig. 4.4(c) shows the high resolution TEM image of the lattice fringes, 

indicating that these CuxS nanoparticles are crystalline. The corresponding fast Fourier 
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transform (FFT) image obtained at this condition is given in Fig. 4.4(e). The observed 

lattice-plane spacing-d values are also in good agreement with the JCPDS: 06-0464 

for the hexagonal phase of CuS. 

   
         (a)                                               (b)       

 
  (c)                                                         (d) 



109 
 

 
       (e) 

Fig. 4.4. TEM micrographs of CuxS films collected from heterogeneous reaction with 

the mixed reactant concentration of set C, at Thomo = 25°C, Thet = 80°C, at the 

residence times of 62 s for the deposition times of (a) 10 s, (b) 20 s, and (c) 30 s. (d) 

high resolution image and (e) FFT pattern. 

 A cross-sectional SEM image of CuxS thin film deposited at this deposition 

condition for 2 minutes is present in Fig. 4.5. It clearly shows that the film deposited 

by MASD is smooth and continuous. The film thickness is about 130 nm. In addition, 

the inset figure shows a corresponding surface morphology of the film where no trace 

of particles is observed on the surface. 
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Fig. 4.5. A cross-sectional SEM image of CuxS thin film deposited from the mixed 

reactant concentration of set C, at Thomo = 25°C, Thet = 80°C, residence time of 62 s, 

for 2 min of deposition time. The inset image shows a surface morphology. 

4.4 Investigation of CuxS Film Growth Under Different Deposition Conditions 

 Next we investigated the CuxS film growth under different processing 

conditions based on the variation of residence time, Thomo, and Thet.  

4.4.1 Effect of residence time 

 First, the influence of the residence time on the film growth by varying flow 

rate via QCM measurement was studied. The following condition was used for the 

deposition: the mixed reactant concentration of set C, Thomo = 25°C, Thet = 80°C. The 

effect of different residence times of 62 s (flow rate = 0.2 ml/min), 84 s (flow rate = 

0.15 ml/min), and 125 s (flow rate = 0.1 ml/min) on CuxS film thickness is shown in 

Fig. 4.6. As expected, longer residence time leads to higher growth rate (~0.66 µm/hr, 
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which was determined from the slope of the linear plot). At shorter residence time, the 

growth rate is slow, indicating the solution induction phase is incomplete.  

 It was noted that the film thickness obtained from QCM was lower than 

expected due to the unequal heterogeneous temperature between the one on the quartz 

crystal and the glass substrate. In practical, the quartz crystal was enclosed in the flow 

cell, therefore the actual temperature on the surface was expected to be lower than that 

of the controlled temperature of water bath.  

 Therefore, the other explanation for this growth behaviour is related to the heat 

transfer rate between the heat supplying the substrate surface (conductive heat flux, 

qcond) and the convection heat flux (qconv) as a result of the flow of mixed solution, as 

shown in Fig. 4.7. The schematic diagram represents the heat transfer over the crystal 

as a substrate in the QCM flow cell (assuming that the substrate temperature is 

controlled by an electrical heater). It was believed that at short residence time (high 

flow rate) the heat supplying the substrate surface is insufficient to reach the targeted 

surface temperature (water bath temperature) because of the convective flow. For this 

reason, the surface temperature becomes lower than the actual one, resulting in lower 

growth rate. 
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Fig. 4.6. QCM growth curves of CuxS thin films deposited at the residence time of 62 

s (flow rate = 0.2 ml/min), 84 s (flow rate = 0.15 ml/min), and 125 s (flow rate = 0.1 

ml/min) (The deposition condition is as follows: the mixed reactant concentration of 

set C, Thomo = 25°C, Thet = 80°C). 

 

 

Fig. 4.7. Schematic diagram representing a heat transfer by conduction to the flowing 

solution over the crystal as a substrate. 

  The following section shows the calculation of heat required for the flow of 

mixed solution at different residence times to reach the targeted surface temperature 
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(80°C).  

  Considering the system as the parallel flow of a fluid over a flat plate, shown 

in Fig. 4.7, heat flux occurs through the fluid layer by convection and conduction. The 

Nusselt number represents the enhancement of heat transfer through a fluid layer as a 

result of convection relative to conduction across the same fluid layer which can be 

expressed as 

x

x

cond

conv

k

hL

q

q
Nu    (4.1) 

where h = convective heat transfer coefficient, Lx = characteristic length, and kx = 

thermal conductivity of fluid. The local Nusselt number for laminar flow over a flat 

plate is given by 

Nu = 0.332Re
1/2

Pr
1/3

   (4.2) 

where Re = Reynolds number and Pr = Prandtl number, which is the ratio between the 

molecular diffusivity of momentum to the molecular diffusivity of heat.  

  Table 4.4 lists theoretical convective heat transfer coefficients of the mixed 

solution which were calculated based on Eq. 4.1 - 4.2 at different flow rates. 

Assuming that the fluid is water, with constant properties, and in a steady-state 

condition.  
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Table 4.4 List of calculated parameters for convective heat transfer coefficients at 

different flow rates.  

 

 It can be seen in Table 4.4 that the mixed solution at higher flow rate requires 

higher energy to heat itself up on the substrate to the targeted temperature of 80°C. 

The actual crystal surface temperature can be obtained by performing an energy 

balance at the crystal surface. 

0EE outin     (4.3) 

It follows that, on a unit area basis, 

0qq convcond    (4.4) 

Rearranging and substituting the conduction and convection heat flux terms, 

)Th(T
L

TT
k s

si








 
 (4.5) 

where k = thermal conductivity which is a characteristic of the heater, Ti = heater 

temperature, Ts = surface temperature, L = thickness of barrier, and T∞ = fluid 

temperature.  

  Experimentally the surface temperature cannot be measured directly, therefore 

it is needed to find out the actual surface temperature under different residence times. 

Applying Eq. 4.5, we could obtain the surface temperature at these following 

Flow rate 

(ml/min) 

Velocity 

(m/s) 
Re Nu 

H 

(W/m
2
.K) 

0.02 0.0042 58.74 4.58 233.96 

0.15 0.0032 44.76 3.99 203.82 

0.10 0.0021 29.37 3.24 165.51 



115 
 

residence time, listed in Table 4.5. 

Table 4.5 Calculated actual surface temperature under various residence times.  

 

 

 

 According to the calculated surface temperature shown in Table 4.5, at shorter 

residence time a temperature gradient between the actual temperature and the targeted 

temperature, 80°C, is larger than that at higher residence time. This is attributed to the 

insufficient heat to supply the substrate surface, resulting in the lower surface 

temperature than it is supposed to be. The lower surface temperature is, the lower 

growth rate of CuxS thin films is accordingly.     

4.4.2 Effect of homogeneous temperature 

 Another influence on the growth is the temperature controlling the 

homogeneous reaction, Thomo. Fig. 4.8 shows the deposited CuxS thin film thickness 

vs. the deposition time at different homogeneous temperature (25°C, 30°C, and 40°C) 

while Thet was kept constant at 40°C with the flow rate of 0.1 ml/min (corresponding 

to the residence time of 125 s) and the mixed reactant concentration of set B, listed on 

Table 4.1, was used. As mentioned earlier that the actual surface temperature (Thet) is 

lower than the controlled water bath temperature, hence Thet of 40°C under various 

Residence time 

(s) 

Flow rate 

(ml/min) 

Surface temperature 

(°C) 

62 0.20 67.82 

84 0.15 86.10 

125 0.10 70.77 
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Thomo is expected to be lower. Again, applying Eq. 4.5 can determine the actual surface 

temperature at different Thomo and is listed in Table 4.6. 

Table 4.6 Calculated actual surface temperature of the condition with the variation of 

homogeneous temperature. 

 

 

 

 

 

Fig. 4.8. QCM growth curves of CuxS thin films deposited by MASD at different 

homogeneous reaction temperature of 25°C, 30°C, and 40°C. (The deposition 

condition is as follows: the mixed reactant concentration of set B was used, Thet = 

40°C and residence time = 125 s) 

 

 The result clearly indicates that the film growth increases linearly with 

increasing temperature. The growth rate, which was determined from the slope of the 
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linear plot, obtained at 25°C is 0.096 µm/hr which is also equal to that obtained at 

30°C and 40°C. We could explain that the variation in temperature of homogeneous 

reaction has no contribution to the CuxS film growth because the particles that form 

homogeneously in the solution stream and travel along PEEK tube have reached the 

saturation state before impinging on the substrate surface so the particle sizes are 

relatively uniform. Eventually these particles are flushed away with the flow of 

solution on the substrate. Although the homogeneous temperature has no influence on 

the growth rate of CuxS thin films, we believe that the variation in homogeneous 

temperature has the influence on the initial growth as well as the resulting film 

thickness as observed in Fig. 4.8. The film thickness deposited at the lower 

homogeneous temperature lies below the higher one along the deposition time. This 

could be explained that the surface temperature or Thet drops as an effect of Thomo. The 

lower Thomo is, the actual surface temperature tends to decrease, as calculated and 

shown in Table 4.6. This leads to lower initial growth of CuxS film. 

4.4.3 Effect of heterogeneous temperature 

 Next the influence of Thet variation is considered. Thomo was kept constant at 

25°C and the flow rate of mixed solution was 0.2 ml/min (corresponding to 62 s of the 

residence time) and the mixed reactant concentration of set C, listed on Table 4.1, was 

used. Fig. 4.9(a) shows the growth rate variation with the heterogeneous temperature 

variation, which was controlled with an increase of 10°C from 60 - 90°C. The growth 

rate of 0.124, 0.272, 0.360, and 1.205 µm/hr were obtained at the heterogeneous 
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temperature of 60, 70, 80, and 90°C, respectively. However, the actual surface 

temperature (Thet,actual) needs to be calculated from Eq. 4.5 and it is shown in Table 

4.7. 

Table 4.7 Calculated actual surface temperature at different Thet.   

 

 

 

 

 This obviously shows that the growth process is strongly temperature 

dependent. Comparing the CuxS growth rate obtained from MASD technique to that 

from CBD, it is obvious that the growth rate deposited at 80°C of Thet (Thet,actual = 

67.82°C) and 25°C of Thomo by MASD is 4 times higher than that of CBD (~0.009 

µm/hr), deposited at 40°C 
114

. 

Thet 

(°C) 

Actual rurface 

temperature (°C) 

60 52.44 

70 60.30 

80 67.82 

90 76.01 



119 
 

 
(a) 

 
(b) 

Fig. 4.9. (a) QCM growth curves of CuxS thin films deposited at different Thet of 60, 

70, 80, and 90°C. (Thet,actual = 52.44, 60.30, 67.82, and 76.01°C, respectively). The 

deposition condition is as follows: the mixed reactant concentration of set C was used, 

Thomo = 25°C and residence time = 62 s. (b) Neperian logarithm of the growth rate 

against 1000/T (K
-1

). 
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 The variation in growth rate is attributed only to the rate constant dependence 

on temperature, which can be expressed by Arrhenius equation 

r (T) = A'exp (-Ea/RT)     (4.6) 

where r (T) is the growth rate as a function of temperature, A’ is the pre-exponential 

factor which includes the frequency factor and a constant related to the initial reagent 

concentration, Ea is the activation energy, and R is the molar gas constant. Fig. 4.9(b) 

represents the Neperian logarithm of the growth rate as a function of 1000/T (K), 

showing the linear dependence of temperature. Each data point is the Neperian 

logarithm of growth rate which is calculated as the slopes at growth regions of 

different reaction temperatures (Thet,actual) in Fig. 4.9(a). The activation energy was 

determined from the slope of the linear fit of the logarithm of the growth rate as a 

function of 1000/T. The activation energy in this case is about 86 kJ/mol over the 

temperature range considered. This high value of activation energy could be 

responsible for the combination of the hydrolysis of thiourea and the reaction of the 

rate limiting step for CuxS thin film formation. 

4.4.4 Formation mechanism of CuxS films 

 In order to determine the heterogeneous formation mechanism of CuxS thin 

films on the substrate, it is needed to consider a dominant sulfide source as it is 

responsible for CuxS thin film deposition. One issue that was observed during the 

deposition where the short residence time condition was applied is that the CuxS film 

growth rate was very low that there was no obvious CuxS thin film deposited on the 
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substrate, while the thiourea concentration was still high. For example, when the 

condition where the mixed reactant concentration listed as set B in Table 4.1 was 

applied for the deposition, the minimum residence time we could use in order to obtain 

a deposited CuxS film cannot be less than 125 s. As well as when the condition where 

the mixed reactant concentration listed as set C in Table 4.1 was applied, the minimum 

residence time for CuxS film to form cannot be less than 62 s. It is possible that the 

dominant sulfide source that is involved in the CuxS thin film by MASD process may 

not be thiourea itself like what is generally proposed in the CBD mechanism but 

actually HS
-
 or S

2-
 ions 

41
. According to the thiourea hydrolysis reactions (see Eq. 4.7 

– 4.8), at pH = 10 most of the sulfide ions are in the form of HS
-
 rather than S

2-
 ([S

2-
] 

= 10
-3.3

[HS
-
][OH

-
] = 10

-7.3
[HS

-
]). Therefore, the main sulfide ions in the solution will 

likely be HS
-
. 

(NH2)2CS  +  OH
-
  ↔  CH2N2  +  H2O  +  HS

-
                           (4.7) 

HS
-
  +  OH

-
  ↔  S

2-
  +  H2O ,   Ka  =  10

-3.3
                          (4.8)  

 The possible explanation of the condition in which the growth rate is very low 

is that the concentration of HS
-
, which is the dominant sulfide source, is very low at 

short residence times because the time is insufficient for thiourea to complete the 

hydrolysis process. This results in a very low growth rate of CuxS thin film deposition. 

Increasing residence time helps induce the hydrolysis of thiourea which achieves 

higher concentration of HS
-
 as well as S

2-
. This behavior was found and explained 

before by Chang et al. of the CdS thin film deposition by continuous flow reactor 
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process 
41

. They investigated the presence of dominant sulfide source by alternatively 

premixing thiourea with NH4OH together in a stream, whereas the original recipe 

consists of NH4OH in the same stream with Cd source. Sulfide ions in the form of HS
-
 

from the thiourea hydrolysis reaction form in the stream rather than S
2-

 when the 

solution was maintained at pH 11 and at room temperature. The experimental results 

show that the deposited CdS thin films had a growth rate of about 2.5 times higher 

than that of the film using the original recipe. This result indicates that high sulfide ion 

concentration in the premixed solution resulted in a higher growth rate of CdS thin 

film deposition.  

 According to this finding, it could not be found by a conventional CBD 

process because all the reactants were sequentially put into the same solution bath and 

mixed all at once. By employing the developed MASD setup, it enabled us to 

understand more in the fundamental of CuxS film growth and also to control the 

mixing elements and deposition conditions that cannot be operated by CBD. 

Therefore, the term of thiourea concentration present in the CuxS film growth 

mechanism in the following section needs to be HS
-
 concentration.  

 Due to a separate control of homogeneous reaction and heterogeneous reaction, 

the mechanisms of molecular level heterogeneous surface reaction and homogeneous 

particle formation tend to undergo different pathways. The HS
-
 ions formed through 

the thiourea hydrolysis reaction are the dominant sulfide source responsible for CuxS 
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thin film deposition. Free sulfide ions, S
2-

, then formed through an equilibrium 

hydrolysis reaction. 

For a homogeneous reaction, free copper ions, Cu
2+

, are produced through a 

dissociation reaction of copper sulfate. 

CuSO4  →  Cu
2+

  +  SO4
2-     

(4.9) 

Copper ions then complex with TEA. The growth phase is suppressed by reducing the 

availability of free Cu
2+

 ions through the formation of the additional equilibrium: 

   
2

n
2 Cu(TEA)n.TEACu  : n = 1, 2  (4.10) 

Ammonium hydroxide is added to make an alkaline solution. The equilibrium in Eq.6 

provides ammonia and hydroxide ions in the solution.  

  
OHNHOHNH 23

-

4       (4.11) 

Free copper ions react with hydroxide ions to form the colloidal copper hydroxide in 

the bulk solution. 

Cu
2+

 + 2OH
-
 → Cu (OH)2                (4.12) 

Colloids of Cu(OH)2 react with free sulfide ions, S
2-

, and convert into CuxS particles 

dispersed in the solution. 

Cu(OH)2  + S
2-

 → CuS (particle) + 2OH
-
                (4.13) 
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For the heterogeneous reaction on the substrate surface, the concentration of free 

copper ions is controlled by the formation of the complex equilibrium of both TEA 

and ammonia. When different complexing agents are present, the simultaneous 

presence of different complex ions is recognized.  

      [Cu(TEA)n]
2+

 + 2OH
-
 + site ↔ [Cu(OH)2(TEA)n]ads       : n = 1, 2      (4.14) 

[Cu(NH )  
 +
+  OH + site ↔  [Cu(OH)

 
(NH )  ads

+  NH                 ( .1 ) 

The adsorbed dihydroxo-di(TEA)-copper and dihydroxo-diammino-copper react with 

dominant HS
-
 ions to generate copper sulfide. The site generation of copper sulfide 

thin films can be presented as Eq.11 – 12.  

 [Cu(OH) (T A)n ads + HS
 
 → CuS (film) + n.T A+ OH  + H O + site                  ( .16) 

  [Cu(OH)
 
(NH )  ads + HS

-
   CuS (film) +  NH  + OH-+ H O + site               ( .1 ) 

Two processes through the complexes of Cu
2+

-TEA and Cu
2+

-NH3 are believed to 

occur simultaneously and Eq.4.16 and 4.17 are an important rate determining film 

growth step. 

4.4.5 Theoretical growth rate equation 

 Based on the proposed CuS thin film growth mechanism by MASD, the 

theoretical growth rate equation can be derived by using the similar approach and 

assumption as CBD. Considering only copper-ammonia complex as the only final and 
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stable complex present in the solution, Eq. 4.17 is the rate-limiting step in the 

mechanism so the CuS growth rate is given by 

rtheor = k2Csθ1[HS
-
]                                           (4.18) 

where Cs is the surface site concentration and θ1 = [Cu(OH)2(NH3)2]ads. Similarly, the 

stationary-state theory was applied to the intermediate specie in the mechanism, 

written as follows. 

d[Cu(OH) (NH ) ]

dt
  =  0                                          ( .19) 

k1[Cu(NH ) 
 +][OH ] Cs(1   θ1)   k 1[NH ]

 Csθ1   k [HS
 
 Csθ1 = 0       ( . 0) 

θ1  =  
k1[Cu(NH ) 

 +
 [OH ] 

k1[Cu(NH ) 
 +][OH ]  + k 1[NH ]  + k [HS

 
 
                    ( . 1) 

Substitute Eq.4.21 into Eq.4.18  

rtheor  =  k1k Cs

[Cu(NH ) 
 +
 [HS

 
 [OH ] 

k1[Cu(NH ) 
 +][OH ] + k 1[NH ]  + k [HS

 
 
           ( .  ) 

 The theoretical growth rate equation for the proposed CuS growth mechanism 

by MASD is expressed by Eq. 4.22. Again, this equation considers only ammonia as 

the complexing agent present in the solution, however in experimental there could be a 

mixture of remaining Cu
2+

-TEA complex and Cu
2+

-NH3 complex coexisting in the 

solution bath.  
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4.5 Phase Identification 

4.5.1 X-ray Diffraction 

 Fig. 4.10 shows the XRD patterns for as-deposited CuxS thin film deposited by 

MASD and prepared from the particle-free deposition condition as mentioned earlier. 

Comparison of the spectrum to that of Fig. 3.20 (XRD pattern for a CBD copper 

sulfide thin film), shows similarity where there is a lack of reflection peaks.  It is more 

probable that there was insufficient film from which to obtain clear and identifiable 

reflection peaks.  

 

Fig. 4.10. XRD pattern for as-deposited CuxS film deposited by MASD.  

4.5.2 Raman Spectroscopy 

 The Raman spectrum was collected from as-deposited MASD copper sulfide 

thin films using the wavelength of 532.4 nm. CuxS film was deposited on glass 
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substrate from the mixed reactant concentration of set C, at Thomo = 25°C, Thet = 80°C, 

residence time of 62 s, for 2 min. Fig. 4.11 exhibits a Raman spectrum with a strong 

band at 471 cm
-1

 which is assigned to the S-S stretching mode indicating the mineral 

covellite. The result is similar to those reported earlier by Tacconi
115

 and Munce
14

 and 

corresponds to the HRTEM result shown in Fig. 4.4(e).   

 

Fig. 4.11. Raman spectrum of copper sulfide film deposited on glass substrate by 

MASD from the mixed reactant concentration of set C, at Thomo = 25°C, Thet = 80°C, 

and residence time of 62 s for 2 min. Excitation wavelength is 532.4 nm. 

4.6 Optical Properties 

 The optical transmittance and optical band gap of the CuxS thin film were 

measured using a UV-visible spectrophotometer. The optical transmission spectra of 

the MASD CuxS films, obtained from the mixed reactant concentration of set C, at 

Thomo = 25°C, Thet = 80°C, residence time of 62 s, with durations of deposition ranging 

from 1 - 4 min, are shown in Fig. 4.12(a). The film visually looks uniform and 
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transparent with a metallic appearance (see the inset in Fig. 4.12(a)). The film 

deposited for 1 min shows high transmittance in visible region and lower towards the 

NIR region. The transmittance decreases for the films obtained at longer deposition 

times. This is attributed to an increase in film thickness and the change of 

stoichiometry of resulting CuxS films.  

 The optical band gap (Eg) of the film was estimated from the intercept of the 

linear portion of the plot of (αhυ)
2
 against (hυ) on the (hυ) axis. Fig. 4.12(b) shows 

estimated values of band gaps for the CuxS thin films prepared at 1 – 4 min of 

deposition time. Values in the range of 2.1 – 2.5 eV were obtained. A trend of 

decreasing band gap with the increasing film thickness as a result of long deposition 

time and lower sulphur content was observed. Table 4.8 summarizes the Cu:S atomic 

ratio of CuxS films, which was determined by EDS, average film thickness, and 

optical band gap, obtained at different deposition times. 

 
(a) 

0

10

20

30

40

50

60

70

80

300 800 1300 1800

T
 (

%
)

Wavelength (nm)

(a) 1 min

(b) 2 min

(c) 4 min



129 
 

 

(b) 

Fig. 4.12. (a) Optical transmission spectra of CuxS films, deposited from the mixed 

reactant concentration of set C, at Thomo = 25°C, Thet = 80°C, residence time of 62 s, 

with durations of deposition ranging from 1 – 4 min. The right image shows the film 

appearance deposited at 2 min. (b) Estimated band gap from the optical absorption 

spectra of CuxS films, deposited for 1 – 4 min. 

 

Table 4.8 Influence of deposition time and basic characteristics of CuxS films. 

 

 

4.7 MASD Yield 

 MASD was believed to achieve a higher product yield than CBD due to a 

higher substrate surface-to-bath-volume ratio and a separation of homogeneous 

reaction and heterogeneous reaction in which the heterogeneous surface reaction on 

the substrate is directly contact heated. The high surface-to-volume ratio of a 
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microreactor eliminates mass-transport limitations by reducing the diffusion length for 

reactants 
48

. Therefore, it is critical when a desired surface reaction competes with an 

undesirable bulk reaction. These advantages result in a thin film deposition primarily 

on the heated substrate with a minimal precipitation in solution. In addition, the 

MASD process enables faster heating which decreases the induction time and 

increases the deposition rate. These together results in an improved deposition yield.  

 Similar to CBD, we calculated the MASD yield by determining the total mass 

of copper sulfide deposited by QCM. Fig. 4.13(a-b) shows the copper sulfide thin film 

mass and yield, respectively, deposited by MASD as a function of time. The MASD 

yield increases linearly with time and reaches about 20% within 50 min. The yield was 

recorded for a single substrate with an area of 11 cm
2
, as described in the experiment 

setup (section 4.1). However, the yield could be varied depending on the size of the 

substrate. The MASD yield shown is not as high as predicted. This could be attributed 

to the loss of reactant with an expense of solution flow over the substrate. Therefore, 

this continuous deposition process can be improved and scaled up. 
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  (a) 

 

 
 

(b)        

 

 

Fig. 4.13. (a) Mass of CuS deposited on the substrate versus time and (b) Yield as a 

function of time, by MASD process at 80°C. 
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 CHAPTER 5 

PHOTOCHEMICAL DEPOSITION 

 The essential basis of a photochemical process is that the activation for 

reaction is provided by the absorption of a photon of UV light. Photochemical 

activation differs from thermal activation in that it is more specific. The UV light can 

be absorbed by a particular chromophore which may be a small part of a large 

molecule that is dissolved in vast amounts of a solvent. For this reason, photochemical 

methods of synthesis of semiconducting nanaostructures are attracting the attention of 

many researchers.  

 Most of the metal chalcogenide materials deposited by photochemical 

deposition (PCD) are focused on the synthesis, the control of deposition condition, and 

the variation in characteristics of the nanostructured materials. In this chapter, a study 

of CuxS thin films deposited by PCD was examined and present including the 

investigation of parameters (e.g. pH, substrate position, reactant concentration, and 

temperature) that influence on the film properties and characteristics. A detailed 

mathematical model that describes the multiple chemical reactions in the deposition 

mechanism was also developed in this work. This model can be used as an analytical 

tool for kinetics parameter estimation, in which the kinetic rate equations were 

combined with mass transport equations. COMSOL numerical simulation and 

MATLAB were used to estimate parameters of the process kinetics by adjusting the 

parameters until the mathematical model matches with the experimental data.  
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5.1 Experimental Setup  

The deposition conditions were controlled by varying the copper-sulfur 

concentrations ratio. An aqueous solution of 50 ml containing CuSO4 in the range of 

0.0025–0.05 mol/l and Na2S2O3 in the range of 0.025–0.1 mol/l was prepared using DI 

water. The substrate, substrate holder, and magnetic stirrer were ultrasonically cleaned 

and purged with N2 prior to immersion into the solutions. A substrate was immersed 

with the distance from the solution surface of about 3 mm. For the reactions to 

proceed smoothly, the solution acidity needs to be controlled. The pH of the solution 

was adjusted to about 2.0 to 3.0 by adding a few drops of dilute H2SO4. The 

deposition period was varied from 1 to 3 h. 

The apparatus for the PCD is schematically shown in Fig. 5.1. A substrate was 

immersed in the solution and illuminated by a UV lamp from above.  

 

Fig. 5.1. Schematic diagram of PCD. 
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5.2 The UV lamp VS. Thiosulfate Ions 

The commercial UV lamps are classified in various types of UV wavelengths, 

i.e. UV-A: 315-400 nm, UV-B: 280-360 nm, and UV-C: 253.7 nm. Therefore, it is 

important to find out first what wavelength of UV spectrum the reducing agent, 

thiosulfate ion (S2O3
2-

), absorbs at in order to release elemental sulfur (S) and electron 

that are the main components to react with copper ion (Cu
2+

) and result in copper 

sulfide. The absorption spectrum of thiosulfate was measured by the UV-Vis 

spectrophotometer. As seen in Fig. 5.2, a solution of thiosulfate with a concentration 

of 0.05 M has an absorbance at about 278 nm.  

 

Fig. 5.2. Absorption spectrum of 0.05 M thiosulfate solution.  
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electric arc through vaporized mercury to produce light especially a highly efficient 

UV light of short to long wavelengths. The UV radiation that is emitted from the 

mercury lamp at specific wavelengths is used to create a photochemical reaction. Fig. 

5.3 represents the spectrophotogram of mercury lamp from UVP that we used for the 

photochemical reaction. 

 

Fig. 5.3. Spectrophotogram of mercury lamp (UVP). 

5.3 Substrate Selection 

 In preliminary PCD experiments, uniform and adherent copper sulfide thin 

films were observed to be deposited only on certain types of substrates. Applying 

various types of substrates has been attempted for comparison and it was found out 

that the deposition on glass slides showed a non-uniform and poor adherent CuxS film 

after rinsing off with DI water at the end of deposition. Most part of the film peeled 
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off from the substrate very easily. Other types of substrates including ITO-coated 

glass, FTO-coated glass, stainless steel sheet, and aluminum sheet were employed. It 

was found that the CuxS thin films deposited on these substrates were relatively 

uniform and well-adherent. The comparison of CuxS thin film appearance on different 

types of substrates is shown in Fig. 5.4. It is obvious that the yellow/brown film of 

CuxS is uniform on FTO-coated glass, stainless steel sheet, and aluminum sheet shown 

in Fig. 5.4(a-c), while very thin and non-adherent films were observed on glass slide 

and silicon wafer in Fig. 5.4(d-e).  

 

(a)                                 (b)                            (c)                        (d)                        (e)             

Fig. 5.4. The comparison of CuxS thin film appearance on different types of substrates. 

(a) FTO-coated glass, (b) stainless steel sheet, (c) aluminum sheet, (d) glass slide, and 

(e) silicon wafer.   

This observation has led to considering that only conducting substrates 

facilitates a uniform and adherent film formation deposited by PCD. This is the reason 

why most of PCD studies so far have been investigated by using ITO-coated glass as a 



137 
 

substrate 
17,65-68,70,75,116,117

. Although further explanations have not been clearly 

indicated, in a few of them, Kumaresan et al. claimed that ITO layer provides a high 

density of nucleation sites for the growth of the thin film than pure glass substrate with 

a smooth surface, therefore it facilitates the faster deposition 
67,70

. However, we 

believe that possessing high nucleation sites on the rough surface of ITO-coated glass 

only might not help in creating a uniform and adherent film significantly because the 

surface of the glass substrate actually has some roughness as well.  

 According to the reaction mechanism of CuxS thin film deposition (Eq. 5.1 - 

5.6), which has been revealed elsewhere, electron appears to be one of the main 

components in the reaction that reacts with copper ion (Cu
2+

) and elemental sulfur (S) 

to form copper sulfide (Eq. 5.6) on the substrate. If the substrate possesses 

conductivity, solvated electrons that are generated in the solution can be localized and 

distributed uniformly all over the substrate surface which then offer high probability to 

react with Cu
2+

 and S in the nucleation step. Whereas the electrons cannot be 

immobilized on the non-conducting substrates, therefore the surface reaction (Eq. 5.6) 

cannot occur. The effect of the substrate types will be explained more in section 5.5.  

CuSO  → Cu + + SO 
  
                                                    ( .1) 

Na S O   →  Na+ + S O 
  
                                              ( . ) 

 S O 

  
 + h  →  S + SO 

       
                                              ( . ) 

  S O 

  
 + h  →  S O6

  
+  e                                             ( . ) 
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  H+ + S O 

  
  → S + H SO                                            ( . ) 

 Cu + + S +  e
  → CuS                                                    ( .6) 

For this new finding, the subsequent experiments were based on zinc tin oxide 

(ZTO) layer coated on oxidized Si wafer as a substrate for CuxS deposition by PCD. 

ZTO layer is conductive yet smooth. This also facilitates in the film thickness 

measurement in profilometer.   

5.4 Investigation of CuxS Film Growth Using Various Deposition Conditions 

 This following section will be discussed in detail of the PCD of CuxS thin 

films, in which the experiment was carried out under various conditions to clarify the 

deposition mechanism. Under the following conditions, film thickness was measured 

by profilometer and the film properties e.g. particle morphology and composition of 

copper sulfide thin films were investigated by SEM and EDS, respectively.  

5.4.1 Effect of pH 

 It is known from the reaction mechanism that the deposition rate is enhanced in 

an acidic solution, in which elemental sulfur (S) is spontaneously released more with a 

presence of dilute H2SO4. The growth rate and the composition of CuxS thin films 

were expected to depend on pH of the solution. The variation in pH (2 - 5) was 

adjusted by the number of H2SO4 drops that was put into the solution. The following 

conditions were adopted in this study: deposition time = 2 hr, substrate depth = 3 mm, 

and ratio of reactant concentration (Cu
2+

:S2O3
2-

) = 1:1 (0.05 M:0.05 M) at room 
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temperature (25°C). Composition of Cu:S with the variation in pH was examined by 

EDS and is shown in Fig. 5.5. The film is sulfur-rich when the pH is lower than 3. 

These elemental sulfur atoms released from the reactions in Eq. 5.3 and 5.5 adsorb on 

the substrate and make the film S rich. While the stoichiometry of the film is about 1:1 

for pH ≥   and remains roughly constant. 

 

Fig. 5.5. Relationship between ratio of Cu:S in CuxS films and pH of the deposition 

solution.  

In addition, it was believed that the pH of the solution has an influence on the 

average growth rate. The film thickness from the solution with different pH from 2 – 5 

after 2 hour deposition was measured. The film in appearance is uniform and smooth 

in the irradiated region. It was noted that three different locations of the film were 

measured and averaged as shown in Fig. 5.6. The film thickness is about 270 nm for 
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decreases with an increase in pH because at lower pH, higher concentration of 

elemental S is released into the solution, resulting in a higher growth rate. However, 

the solution became hazy quicker during the deposition and generated more particles 

in the solution. These particles could stick on the substrate surface and resulted in 

thick films.  

 

Fig. 5.6. Relationship between CuxS film thickness and pH of the deposition solution. 

 This result can be supported by investigating the particle morphology of CuxS 
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(a)     (b) 

 
(c)                                                   (d) 

 
(e) 

  

Fig. 5.7. SEM micrographs of as-deposited CuxS thin films by PCD. The pH of 

solution is (a) 2, (b) 2.5, (c) 3, (d) 3.5, and (e) 5.   

(e) 
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 It can be seen that the films are relatively smooth without many particles 

presenting on the surface at higher pH. More particles were observed on the films at a 

decreasing pH as mentioned earlier. The film growth at lower pH could be attributed 

to both surface reaction (heterogeneous) and particle sticking (homogeneous) 

mechanisms.  

5.4.2 Effect of substrate position 

The intensity of UV light when penetrating into the solution above the 

substrate changes with the distance from the solution surface, which can result in the 

variation of CuxS growth rate. The following conditions were adopted: deposition time 

= 2 hr, pH = 2.5, and ratio of reactant concentration (Cu
2+

:S2O3
2-

) = 1:1 (0.05 M:0.05 

M) at room temperature (25°C). Fig. 5.8 shows the relationship between the CuxS film 

thickness and the distance from the solution surface to the substrate, varying from 2 – 

7 mm. The film thickness is about 340 nm for the distance of 2 mm and decreasing to 

about 150 nm with increasing the distance of 7 mm. The result indicates that the light 

intensity penetrated into the solution becomes weaker at longer distance, resulting in 

lower growth rate and final film thickness.  
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Fig. 5.8. Relationship between CuxS film thickness and the variation in distance from 

the solution surface to the substrate.  

5.4.3 Effect of copper-sulfur concentrations ratio 

 This experimental study was carried out under copper-rich and sulfur-rich 

conditions with the molar ratios of Cu
2+

:S2O3
2-

 of 1:3, 1:2, 1:1, 2:1, and 3:1. The 

deposition condition was kept for 2 hr with the solution pH of 2.5, the substrate 

position of 3 mm, and at room temperature (25°C). Table 5.1 summarizes the 

composition of Cu:S in CuxS thin films deposited from various ratios of Cu
2+

:S2O3
2-

. It 

was noted that at ratio of 1:3 the film peeled off completely due to a high release of 

elemental S atoms causing a high deposition rate as well as the involvement of particle 

formation in the solution and sticking on the substrate, which results in poor-adhered 

films. 
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Table 5.1 Composition of CuxS thin films deposited from various ratios of Cu
2+

:S2O3
2-

 

Composition of Cu
2+

:S2O3
2-

 

(molar ratio) 

Ratio of 

Cu
2+

:S2O3
2-

   

Cu:S ratio of 

thin films 

0.05:0.15 1:3 - 

0.05:0.10 1:2 1.29 

0.05:0.05 1:1 0.96 

0.10:0.05 2:1 1.31 

0.15:0.05 3:1 1.46 

 

Fig. 5.9 shows SEM micrographs of the as-deposited CuxS films prepared from 

various concentration ratios of Cu
2+

:S2O3
2-

 ranging from 1:2, 1:1, 2:1, and 3:1. It is 

observed that for the ratio of 1:2 (Fig. 5.9(a)), where thiosulfate ion is in a large excess 

of copper concentration, the film contains a large number of particles formed from 

homogeneous reaction. The inset image also shows a cluster of particles forming at 

some certain areas on the surface, resulting in a rough film in overall appearance. The 

number of particles sticking on the film decreases when the ratio is 1:1. In a deficient 

thiosulfate condition where the ratios are 2:1 and 3:1 (Fig. 5.9 (c-d)), the general film 

appearances are smooth, uniform, and covering. However, at ratio of 3:1 some 

particles formed in the solution aggregate with each other and form clusters on the 

film surface, as shown in the inset image of Fig. 5.9(d). According to these behaviors, 

it clearly shows that there is a limiting condition for obtaining a smooth film with 

certain ratios of Cu:S.  
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                                           (a)     (b) 

   
(c)                                                  (d)  

Fig. 5.9. SEM micrographs of as-deposited CuxS thin films by PCD prepared from 

various concentration ratios of Cu
2+

:S2O3
2-

 of (a) 1:2, (b) 1:1, (c) 2:1, and (d) 3:1. 

5.4.4 Effect of deposition time 

 The CuxS film growth was investigated with a variation in deposition time, 

ranging from 30 min – 3 hr. The following conditions were adopted for this study: pH 

= 2.5, and ratio of reactant concentration (Cu
2+

:S2O3
2-

) = 1:1 (0.05 M:0.05 M) at room 

temperature (25°C). Initially the film thickness is about 75 nm in 30 min and increases 

linearly with deposition time until it tends to saturate for a deposition time longer than 
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1.5 hr. This tendency is attributed to the limited supply of the reactant species, in 

which the concentrations decrease with increasing deposition time. The growth rate of 

PCD CuxS thin film could be determined by the slope of the initial growth region in 

Fig. 5.10. The approximate growth rate is 2.65 nm/min.  

The particle morphology of CuxS thin films was also investigated by SEM 

which are shown in Fig. 5.12 (a-f), prepared from the deposition time of 30 min, 1 hr, 

1.5 hr, 2 hr, 2.5 hr, and 3 hr, respectively. It is clearly seen that the films display a 

granular morphology and a dense form in a full coverage. Not many differences are 

observed from the variation of deposition time, only that the particle sizes slightly 

increase with an increase of deposition time, from about 47 - 156 nm. More large 

particles from the solution appear on the surface as a consequence of the longer 

deposition time.   

 

Fig. 5.10. Relationship between the CuxS film thickness and the deposition time.  
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The elemental composition of Cu:S in the CuxS thin films was also 

investigated under different deposition times, as shown in Fig. 5.11. It shows that the 

ratios are roughly constant at about 1:1 at any deposition time.  

 
Fig. 5.11. Relationship between ratio of Cu:S in CuxS thin films and the deposition 

time.  
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                                 (c)                                                    (d) 

  
                                  (e)                                                   (f) 

 

Fig. 5.12. SEM micrographs of the as-deposited CuxS thin films deposited for (a) 

30min, (b) 1 hr, (c) 1.5 hr, (d) 2 hr, (e) 2.5 hr, and (f) 3 hr.    

5.4.5 Effect of temperature 

 Although thermal heating has no effect on activating the photochemical 

reaction, it was believed that temperature involves the growth rate in any kind of 

reactions. Therefore, the variation in reaction temperature was studied, ranging from 

room temperature (25C) to 47C. The water bath was used to control the temperature. 
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The following conditions were adopted in this study: deposition time = 2 hr, substrate 

depth = 3 mm, ratio of reactant concentration (Cu
2+

:S2O3
2-

) = 1:1 (0.05 M:0.05 M), 

and pH  = 2.5. The final film thickness was measured at different reaction temperature 

and its relationship is shown in Fig. 5.13. The growth process obviously shows to be 

strongly temperature dependent in which the final film thickness increases with an 

increase in temperature. The detail in growth of CuxS thin films with the deposition 

time at elevated temperature of 40C and 47C was also studied and the growth 

comparison with that of room temperature is shown in Fig. 5.14. The linear growth 

phase starts with the increasing film thickness proportionally with the deposition time. 

Finally, film thickness is attained and stable where the growth rate drops to nearly 

zero. The approximate growth rates of CuxS films deposited at 40C and 47C are 3.74 

nm/min and 4.21 nm/min, respectively, which were estimated by the slope of the 

initial growth regions. 

 

 



150 
 

 
Fig. 5.13. Relationship between final film thickness and reaction temperature.  

 

Fig. 5.14. A comparison of CuxS film growth with the deposition time at different 

reaction temperature (25C, 40C, and 47C). 
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5.5 Elucidation of CuxS Film Formation Mechanism 

 Since the substrate possessing conductivity facilitate the surface reaction of 

CuxS thin film formation, a further analysis of the experimental observation under 

various deposition conditions was helpful in order to get more understanding of the 

reaction mechanism.  

 One of the remarkable observations from the experiment was the difference in 

growth rate when the variation of substrate position was applied. Considering the 

deposition condition where the substrate was placed further away from the solution 

surface, even though the light intensity penetrating into the solution becomes weaker 

at longer distance which results in the low CuxS growth rate, the density of reacting 

species in the solution above the substrate region is actually more than that of the 

condition where the distance of the substrate to the solution surface is small. 

Therefore, it could result in a high growth rate in terms of a diffusion mass transfer. 

This shows a conflict with the experimental result but it could be explained by the 

following proposed mechanism of CuxS formation. We believe that there must be 

more than one mechanism involved to form CuxS. As revealed and mentioned earlier, 

the surface reaction of CuxS film formed heterogeneously on the substrate is shown in 

Eq. 5.6. However a high density of reacting species present above the substrate surface 

does not participate solely on the surface reaction as expected, a different mechanism 

of CuxS particle formation is likely to occur in parallel. 
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 Copper ion (Cu
2+

), dissociated from Eq. 5.1, can be reduced to metallic copper 

(Cu) by solvated electrons released from Eq. 5.4 in the solution, which is present in 

Eq. 5.7. These electrons are highly reactive and strongly reducing species. The 

produced metallic copper then reacts with sulfur, released from both Eq. 5.3 and 5.5, 

to form solid CuS in the solution immediately, as shown in Eq. 5.8. These reactions 

are thermodynamically favorable. Note that the formation of only CuS phase is 

assumed in the mechanism.  

Cu + +   e
    Cu (s)                                                      ( . ) 

Cu (s) + S (s) → CuS (s)                                                 ( .8) 

 This mechanism was proposed to form CuS particles spontaneously in the 

solution. This can indicate that once particles of CuS form in the solution and present 

far away from the substrate surface, they are not likely to adsorb on the substrate. The 

deeper the substrate position is, the higher chance for the reacting species is lost to the 

particle formation and this could result in low deposition rate, which corresponds to 

the experimental result. For this reason, the generation of nucleation sites on the 

substrate should be limited to a certain small region adjacent to the substrate, 

otherwise CuS particles formed spontaneously can diffuse away from the substrate.   

 For this reason, it could be explained why the substrate needs to possess 

conductivity for PCD process. Electrons can be localized and react with Cu
2+

 and S 

heterogeneously on the surface, resulting in uniform and adherent film. 
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5.6 Phase Identification 

5.6.1 X-Ray Diffraction 

  X-ray studies of the copper sulfide films deposited by PCD on ZTO-coated Si 

wafer under the condition as following: ratio of reactant concentration (Cu
2+

:S2O3
2-

) = 

1:1 (0.05 M:0.05 M), deposition time = 2 hr, substrate depth = 3 mm, and pH  = 2.5, 

present in Fig. 5.15, shows that the film matches well with the covellite phase, CuS 

(JCPDS: 06-0464). 

 

Fig. 5.15. XRD pattern of copper sulfide film on ZTO-coated on Si wafer by PCD.  

5.6.2 Raman spectroscopy 

 The Raman spectrum was collected from as-deposited MASD copper sulfide 
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film deposited on ZTO-coated on Si wafer under a condition as following; a ratio of 

reactant concentration (Cu
2+

:S2O3
2-

) = 1:1 (0.05 M:0.05 M), deposition time = 2 hr, 

substrate depth = 3 mm, and pH  = 2.5, shown in Fig. 5.16. This indicates the mineral 

covellite (CuS) and corresponds to the XRD result.  

 

Fig. 5.16. Raman spectrum of copper sulfide film deposited on ZTO-coated on Si 

wafer by PCD. 

5.7 Kinetic Study and Modeling of PCD CuxS Thin Films by MATLAB and 
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goal, it is enable to have a better understanding of each parameter influencing the PCD 

process and also to estimate the growth rate and the final CuxS film thickness under 

different deposition conditions.  

5.7.1 Chemical reactions and rate equations 

 Prior to the photochemical kinetics investigation,  it is needed to determine 

kinetic parameters involved in the reaction mechanism which will be used in the 

simulation. Because the kinetic study of PCD CuxS thin films has never been 

investigated before, hence COMSOL numerical simulation and MATLAB were 

employed to estimate parameters of the process kinetics by adjusting the parameters 

until the mathematical model matches with the experimental data.  

 The following section explains the summarized reaction mechanism used for 

the simulation. Since the chemical reaction pathways for CuxS thin film deposited by 

PCD technique have been proposed in many literatures as mentioned earlier, the 

present work involves using a simplified reaction mechanism and focuses on the 

kinetics describing the formation of CuxS thin film on the substrate as well as the 

homogeneous particle formation in the solution. Table 5.2 summarizes the 

heterogeneous and homogeneous reactions involved in the mechanism of CuxS film 

deposition and the rate equations for the kinetic study. 
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Table 5.2 Summary of the reaction pathway for PCD CuxS thin films. 

Reaction 

No. 
Chemical reactions Reaction rates 

rs1 (het)  S O 

  
 + h  

ks1
→  S + SO 

       
 rs1 = ks1 -2

32OS
C I0exp(-ε1 -2

32OS
C l) 

rs2 (het)    S O 

  
 + h  

ks 
→   S O6

  
+  e  rs2 = ks2 -2

32OS
C I0exp(-ε2 -2

32OS
C l) 

r1 (homo)   H+ + S O 

  
  

k 
  S + H SO  

r1 = k1 -2
32OS

C H
C  

rs3 (het) Cu + + S +  e
  

ks 
→  CuS (film)    rs3 = ks3 +2Cu

C SC -e
C  

r2 (homo) Cu + +   e
-  

k 
  Cu (s) r2 = k2 +2Cu

C Ce- 

r3 (homo) Cu (s) + S (s) 
k 
  CuS (particle)  r3 = k3CCuCS 

The photo absorption step is considered to be a kinetic elementary reaction 
118

. 

The photon from UV light was taken as particle, therefore rs1 and rs2 were considered 

as the bimolecular reactions with the total reaction order of two. Hence, increasing 

either [γ] (light intensity) or [S2O3
2-

] can increase the reaction rate accordingly. In a 

standard photochemical deposition, the light intensity irradiated onto the sample is 

constant within a small volume element in time but depends on the local absorption 

path length, l. Absorbed photons γ is missing in the light beam leaving the volume 

element 
118

. Light intensity, I, can be defined as the incident energy per unit area and 

time, as expressed in Eq. 5.9. 

I = hυc[γ      (5.9) 

where h is Planck constant,  is the frequency, and c is the speed of light. Therefore 

number of photons [γ  can be written in terms of light intensity. Since the incident 

light is traveling through the solution with a speed c, where c = dx/dt, the rate 

equations for a stationary point along the absorption path of rs1 and rs2 can be 

expressed as 
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dI

dt
 =  k 1[S O 

  ]I                                                             ( .10) 

 c
dI

dx
 = k 1[S O 

  ]I                                                             ( .11) 

I = I0 exp (
 k 1[S O 

  ] 

c
 )= I0 exp ( ε1[S O 

  ] )                                  ( .1 ) 

where I0 = light intensity before penetration into the solution, which can be measured 

experimentally by UV-Vis-NIR spectrophotometer, 1 = ks1/c, and l = the distance 

from the solution surface to the substrate. rs1 can be written as 

r 1  =  k 1[S O 
  ] I0 exp ( ε1[S O 

  ] )                                    ( .1 ) 

Similarly, r2 is reformulated to  

r    =  k  [S O 
  ] I0 exp ( ε [S O 

  ] )                                    ( .1 ) 

where 2 = ks2/c.  

5.7.2 Model illustration for PCD CuxS thin film formation  

 In this following section, a mathematical model is developed to be used for 

prediction of the final film thickness of CuxS by PCD in a batch system under different 

bath conditions. This model can also be used as an analytical tool for kinetics 

parameter estimation. The PCD setup was modeled and implemented in COMSOL 

Multiphysics software by using the mass transfer with chemical reactions and the 

momentum transfer in Chemical reaction engineering module. The kinetic rate 
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equations were combined with mass transport equations, however the challenging task 

in this work was to find the kinetic information of the reactions involved in PCD first.  

 Fig. 5.17(a) represents the model geometry, including the substrate surface 

where CuxS thin film deposits on as well as the stirrer as an effect of mixing at the 

bottom of the solution bath. Because the geometry is rotationally symmetric, it is 

possible to model it as a 2D cross section. In addition, the flow is assumed to be 

axisymmetric, so a 2D (r, z) computational domain was used as depicted in Fig. 

5.17(b).  

 

(a) 

 
(b) 

Fig. 5.17. (a) The original 3D geometry which can be reduced to 2D as the geometry 

is rotaionally symmetric (dimension not to scale) and (b) Geometry of computational 

differential system. 
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5.7.3 Governing equations 

 The chemical reaction pathways for CuxS thin film deposited by PCD 

technique have been proposed in many literatures as mentioned earlier. The present 

work involves using a simplified reaction mechanism and focuses on the kinetics 

describing the formation of CuxS thin film on the substrate as well as the 

homogeneous particle formation in the solution.  

Fluid flow 

To simplify the analytical model, below is the assumptions used for the model. 

1. Fluid is Newtonian and the flow is incompressible. 

2. Physical properties are constant. 

3. Fully developed laminar flow. 

4. The system is isothermal. 

5. A cylindrical coordinate system is used. 

6. Velocities in r and z directions are negligible; Ur = Uz = 0. 

7. The reaction, ri, is homogeneous in the batch stirred reactor.  

The flow of the incompressible fluid is governed by the Navier-Stokes and continuity 

equations. The continuity equation in cylindrical coordinates is given by 

z
(ρU )(ρrU ) (ρU )ρ 1 1

0
t r x r z

r 



 
   

   
     (5.15) 
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Here the following relations, Ur = Uz = 0 and  / θ = 0, were used to simplify above 

equations.  

Boundary conditions 

 

Fig. 5.18. Boundary conditions applied for PCD system. 
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Fig. 5.18 shows the boundary conditions applied in a PCD simulation. On the 

stirrer, the sliding wall boundary condition was used to specify the velocity in which 

the angular direction is equal to the angular velocity, Uθ, times the radius, r: 

Uθ  =  ωr    (5.19) 

At the boundaries representing the cylinder surface a no slip condition applies, stating 

that all velocity components equal zero (Ur = Uθ = Uz = 0). On the top boundary, 

which is a free surface, the Symmetry condition was used to allow for flow in the axial 

and rotational directions only. The boundary condition is mathematically similar to the 

axial symmetry condition. 

Mass transfer 

 The governing equation for mass transfer consists of diffusion and convection 

equations of the liquid phase. Mass transfer equation in cylindrical coordinates is 

given by 
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 (5.20) 

where i represents one of the species and Ri is the reaction rate term of component i 

which takes place in the bulk solution (homogeneous reaction). Applying Ur = Uz = 0 

and  / θ = 0,  q.  . 0 can be rewritten as 
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Mass transfer equations of each component i can be expressed as follows. 
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The boundary conditions of each component are listed in Table 5.3. It was noted that 

the reactant ions and molecules transferred to the solution surface (z = 0) and the 
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substrate surface (z = l, the depth of the substrate) are consumed by the surface 

reactions, rs1, rs2, and rs3, as shown in Table 5.3. 

Table 5.3 List of boundary conditions of each component. 

 

Component Boundary Condition 

i 

1) at t = 0 1) Ci = finite (initial concentration) 

2) at r = 0 
2) i

r 0

C

r 




= 0 

3) at r = R 
3) i

r R

C

r 




= 0 

4) at z = solution 

surface 4) reaction) (surfacer
z

C
s1

surfacesolution 
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5) at z = substrate 

surface 5) reaction) (surfacerand/or r
z

C
s3 s2

surface substrate
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5.7.4 COMSOL Multiphysics simulation 

 Momentum transfer and mass transfer equations were solved using Chemical 

reaction engineering module in COMSOL Multiphysics 4.2. The geometric 

parameters, fluid properties and parameters of CuxS deposition in PCD system in 

COMSOL modeling are summarized in Table 5.4. 
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Table 5.4 Geometric parameters, fluid properties and parameters of CuxS deposition 

in PCD system.  

 

Parameter Value 

Deposition geometry (see Fig. 5.15(b)) Width: 25 mm 

Depth: 30 mm 

Solution volume 25 ml 

Substrate area 0.75×10
-4

 m
2
 

Density of CuS 4.6×10
6
 g/m

3
 

Molecular weight of CuS 95.61 g/mol 

Light intensity before penetration 5.33×10
7
 counts/m

2
.s 

C1,0: initial conc. of Cu
2+

 50 mol/m
3
 

C2,0: initial conc. of S2O3
2-

 50 mol/m
3
 

C3,0: initial conc. of elemental S 0 mol/m
3
 

C4,0: initial conc. of H
+
 10 mol/m

3
 

C5,0: initial conc. of Cu 0 mol/m
3
 

C6,0: initial conc. of e
-
 0 mol/m

3
 

C7,0: initial conc. of CuS 0 mol/m
3
 

Pressure 1 Pa 

 The simulations were run in a time-dependent mode to solve the continuity and 

incompressible Navier-Stokes equation in the liquid domain.  

5.8 Kinetic Parameter Optimization 

 Once the kinetic model for CuxS thin film deposition by PCD was developed, 

first it is needed to determine kinetic parameters, i.e. rate constants (ks1, ks2, ks3, k1, k2, 

and k3) of each reaction (rs1, rs2, rs3, r1, r2, and r3) involved in the mechanism, in order 

to investigate the growth kinetics and get a better understanding of the photochemical 

reaction mechanism under various deposition conditions. This study was the first 

reported investigation for kinetics of PCD CuxS thin films. 
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 COMSOL and MATLAB optimization routine is one of the simulation 

programs used to solve complex mathematical problems which in this case, can be 

applied for obtaining the rate constants of each chemical reaction 
119

. Determination of 

the accurate values of rate constants is of great importance because it helps to 

determine the value of the rate of any reaction applying its rate equation and also helps 

in establishing the optimum conditions of reactor design, for example, reactant 

concentration, temperature, and other related parameters of the chemical reaction.  

Once the modeling and simulation of the system is conducted, the next step is 

to optimize the rate constants to fit with the experimental results. The first step is to 

construct the objective function which can be single variable or multi-variables. 

Optimization implies either maximizing or minimizing the objective function 
119

. 

MATLAB’s optimization subroutine, ‘fminsearch’, is based on simplex search 

method. The simulation program reads the initial values of the rate constants, which 

were obtained by the trial and error method. The rate equations of each reaction were 

then solved to get the analytical CuxS film thickness on the substrate surface. The 

simulated results were compared with the experimental results at each measured point. 

All deviations between calculated and experimental values were squared and summed 

up to form an objective function, f: 

f  =  Σ (Hexp    Hcalc)
 
                                         ( . 9) 

where Hexp = experimental final film thickness and Hcal = calculated final film 

thickness from simulation.  This function was calculated in the optimization routine to 
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find the optimal rate constants. The new values of objective function were calculated 

for each set of the rate constants with the increasing in iterations until the absolute of 

objective function minimized. Lastly, the final rate constants were obtained. The 

procedure to determine the optimal rate constants can be shown in the flow chart in 

Fig. 5.19. 

 

Fig. 5.19. Flow chart of the parameter fitting procedure. 

 Rate constants (ks1, ks2, ks3, k1, k2, and k3) of reactions rs1, rs2, rs3, r1, r2, and r3 

for CuxS thin films deposited by PCD at the baseline condition of Cu
2+

:S2O3
2-

 = 0.05 

M:0.05 M, pH = 2.5, substrate depth = 3 mm, and room temperature (25ºC), obtained 

by minimizing the objective function are tabulated in Table 5.5.  
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Table 5.5 Optimization results for reaction rate constants of PCD CuxS thin films at 

25°C. 

Rate constant Value 

ks1 5.76×10
8
 [m

3
/mol] 

ks2 2.28×10
5 

[m
3
/mol] 

ks3 5.30×10
-5

 [m
7
/mol

2
.s] 

k1 4.22×10
-1 

[m
3
/mol.s] 

k2 1.00×10
-1 

 [m
3
/mol.s] 

k3 2.03×10
-1 

 [m
3
/mol.s] 

 

The comparison of simulated and experimental growth curves of CuxS thin 

film is shown in Fig. 5.20 where both conditions were set to be all the same. The 

modeling of PCD CuxS thin films demonstrates an excellent fit to the experiment data, 

in which the growth rate obtained from the simulation is also 2.67 nm/min. The film 

growth slowly increases with time until the final film thickness reaches about 300 nm 

at 3 hours.  
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Fig. 5.20. Simulated (line) and experimental (point) growth curves of CuxS deposited 

from the condition of Cu
2+

:S2O3
2-

 = 0.05 M:0.05 M, pH = 2.5, substrate depth = 3 mm, 

and 25°C. 

 The modeling of temperature dependence of PCD CuxS thin film deposition 

was also conducted to determine the reaction rate constants at higher deposition 

temperatures (40 and 47ºC) for CuxS thin films deposited at the baseline condition of 

Cu
2+

:S2O3
2-

 = 0.05 M:0.05 M, pH = 2.5, substrate depth = 3 mm. The obtained values 

are listed in Table 5.6 – 5.7 and the comparison of simulated and experimental growth 

curves of CuxS thin film are shown in Fig. 5.21 – 5.22, respectively. The similar 

growth curves were observed where the film growth increases at higher temperature 

and the saturation states are reached quicker. Modeling of the deposition at higher 

temperatures also demonstrate good fits to the experimental data where the final CuxS 

film thickness obtained are 520 nm and 750 nm at 40 and 47ºC, respectively. 
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Table 5.6 Optimization results for reaction rate constants of PCD CuxS thin films at 

40°C. 

Rate constant Value 

ks1 7.81×10
8
 [m

3
/mol] 

ks2 4.58×10
5 

[m
3
/mol] 

ks3 6.27×10
-5

 [m
7
/mol

2
.s] 

k1 5.28×10
-1 

[m
3
/mol.s] 

k2 1.91×10
-1 

 [m
3
/mol.s] 

k3 2.76×10
-1 

 [m
3
/mol.s] 

 

 

Fig. 5.21. Simulated (line) and experimental (point) growth curves of copper sulfide 

deposited from the condition of Cu
2+

:S2O3
2-

 = 0.05 M:0.05 M, pH = 2.5, substrate 

depth = 3 mm, and 40°C. 
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Table 5.7 Optimization results for reaction rate constants of PCD CuxS thin films at 

47°C. 

Rate constant Value 

ks1 8.06×10
8
 [m

3
/mol] 

ks2 4.83×10
5 

[m
3
/mol] 

ks3 6.95×10
-5

 [m
7
/mol

2
.s] 

k1 5.81×10
-1 

[m
3
/mol.s] 

k2 2.23×10
-1 

 [m
3
/mol.s] 

k3 3.04×10
-1 

 [m
3
/mol.s] 

 

 

Fig. 5.22. Simulated (line) and experimental (point) growth curves of copper sulfide 

deposited from the condition of Cu
2+

:S2O3
2-

 = 0.05 M:0.05 M, pH = 2.5, substrate 

depth = 3 mm, and 47°C. 
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 Based on the reaction rate constants obtained from the simulation at different 

reaction temperatures, these values can be used to determine the growth rate and 

estimate the final film thickness of CuxS under the variation of deposition conditions, 

including substrate position, light intensity, reactant concentration, etc. 
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CHAPTER 6 

COPPER INDIUM DISELENIDE THIN FILM DEPOSITION FOR 

SOLAR CELL APPLICATION 

 In this chapter, the primary synthetic of copper indium diselenide (CuInSe2) 

thin film and analytical techniques used throughout this section will be presented. 

Based on the kinetic and growth study of CuxS thin films by three different solution-

based processes shown in chapter 3 - 5, MASD is a highly efficient technique to 

deposit CuxS thin film at shorter deposition time with higher yield. This technique can 

also be scaled up from laboratory-scale to production levels for solar cell 

manufacturing. In this work, the formation of copper indium diselenide thin films on 

textured Si substrate were prepared by the deposition of CuxS by MASD technique 

and InCl3 by spin coating as multilayers. Then selenization was carried out under a 

selenium-containing atmosphere at high temperature as the last step.  

 The main obstacle for solar cell manufacturing is the cost. Cost reduction can 

be achieved by either improving the efficiencies or reducing the production cost 
78

. In 

the case of the cost reduction of production, it can be lowered by decreasing the 

absorber deposition time. An alternative is to reduce absorber thickness because the 

amount of starting materials needed can be reduced, and therefore lowers the costs 

further.  
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 One of the approaches to reduce absorber thickness is to texture the surface of 

the substrate. For optoelectronic devices such as solar cells, photodetectors, and light 

emitting diodes, substrates with a surface textured with randomly nanotextured surface 

have demonstrated to enhance device performance by providing effective 

antireflection and light trapping characteristics within the absorbing material 
120,121

. 

 Silicon material has a highly reflective surface with more than 35% of visible 

light reflecting off the surface because of its high index of refraction. Surface texturing 

can recover this loss and therefore requires thin absorber layer for photon absorption. 

Anisotropic etching process was performed to create pyramidal structure on a silicon 

surface.   

6.1 Formation of Textured Pyramidal Si Substrate 

 Polished silicon (100) wafers are used as substrates. The silicon substrate was 

rinsed with detergent and dried with the flow of nitrogen gas. To create the textured 

surface, the silicon substrate was emerged into 2 vol.% of isopropyl alcohol in 0.5 M 

of sodium hydroxide (NaOH) at 80°C for 30 minutes. The etching solution was stirred 

at about 400 revolutions per minute in order to achieve consistent etching quality. The 

textured pyramidal surface of silicon substrate was then rinsed with DI water, diluted 

HCl, and DI water again. Finally, the sample was dried by a stream of nitrogen gas. 

 The resulting textured surface shown in Fig. 6.1 has various sizes of pyramids 

with approximately 1 - 3 μm per side and at the base with 1 -   μm high.  



174 
 

 

Fig. 6.1. Micrograph of a pyramidally textured silicon surface. The inset image shows 

a 45° angle view of the surface.  

  

Fig. 6.2. Comparison of the reflectance spectra of polished Si and pyramidally 

textured Si surface. 

 Figure 6.2 shows a comparison of reflectance from polished Si and pyramidal 

Si surface. The reflectance is reduced to about 15% from 35% on a flat surface. 
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6.2 Deposition of CuxS Thin Film by MASD on Pyramidal Si Substrate 

 The initial layer of CuInSe2 deposition is CuxS thin film on pyramidal Si 

substrate. MASD technique was applied for this layer’s deposition in which the 

substrate was taped to a metallic plate and heated on a metal hot plate. The deposition 

condition is as follows (as mentioned in Chapter 4); the mixed reactant concentration 

of set C was used (0.1 M CuSO4, 0.1 M NaAC, 0.755 M TEA, 0.822 M ammonia, and 

0.056 M thiourea), 25°C of Thomo, 80°C of Thet, 31 s of residence time (flow rate = 0.4 

ml/min) and about 1 min of deposition time. Once the process was completed, the 

substrate was removed from the metallic plate, rinsed with DI water, and dried under 

the flow of N2 gas. 

 The surface and cross-sectional morphology of the deposited CuxS thin films 

on pyramidal Si surface were characterized by a scanning electron microscopy (SEM) 

at 30 kV. Fig. 6.3 (a – b) show SEM images of surface and cross-sectional 

morphology of CuxS, deposited for 1 min, respectively. The relatively uniform surface 

morphology was observed on pyramidal Si in Fig. 6.3(a) and the cross-sectional image 

in Fig. 6.3(b) also shows CuxS thin film fully covers the surface with a thickness of 

about 200 nm. The inset image of Fig. 6.3(a) demonstrates the comparison appearance 

of CuxS thin films on polished and pyramidal Si surfaces. It is clearly seen that the 

sample deposited on polished Si surface is reflective while that on pyramidal surface is 

non-reflective. 
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(a) 

 

(b) 

Fig. 6.3. (a) Surface morphology and (b) Cross-sectional image of CuxS thin film on 

pyramidal Si surface deposited by MASD for 1 min. The inset image in (b) show the 

appearance of CuxS films on polished Si (left) and on textured Si (right). 

   

CuxS on flat Si CuxS on pyramidal Si
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6.3 Deposition of InCl3 Thin Film by Spin Coating on CuxS Layer 

 The solution of InCl3 was prepared from 0.5 M of InCl3 in 10 ml of ethanol. 

Then the solution was stirred vigorously and 1 ml of 1,2-propanediol was put into the 

solution to make it viscous. The solution was spread on CuxS-coated pyramidal Si 

substrate which sat on a stationary spin coater. The substrate was rotated at 2000 

revolutions per minute for 2 minutes. The as-deposited film was soft annealed at 

150°C on a preheated hot plate for 1 minute to evaporate the solvents and followed by 

350°C annealing in a preheated furnace for 10 minutes to evaporate and decompose all 

the organic species in the film. The repetition of deposition of Cu/In/Cu/In… 

multilayers was taken until the desired thickness and atomic composition was 

achieved. The metallic multilayer approach has been reported to result in smoother 

surfaces and better crystallinity 
78

. 

 Fig. 6.4 (a – b) show surface morphology and cross-sectional SEM images of 4 

Cu/In multilayers sample. A fully covering and dense polycrystalline film with grain 

sizes at a micron scale can be clearly seen. A densely packed Cu/In multilayer is also 

observed from a cross-sectional image. 

 From EDS measurements, the composition of the surface layer of the film was 

found to be close to the required stoichiometry, about 1:1.10 atomic ratio of Cu:In. 
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(a) 

 

(b) 

Fig. 6.4. (a) Surface morphology and (b) cross-sectional SEM images of 4 Cu/In 

multilayers. 
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6.4 Selenization 

 The last step of selenization was utilized to convert the precursor film into 

CuInSe2 film using in-situ generated H2Se from the evaporation of selenium powder 

mixed with 20% of H2 in a tube furnace at 525°C for 30 min.  During selenization, 

selenium was evaporated after about 220°C and reacted with raw films on the Cu/In 

sample. After selenization process finished, the furnace was cooled down naturally 

with continuous flow of H2 and N2 mixture. A dissolved metals of Cu and In in 

volatile alcohol solvents occur on a textured Si with modest heating and react with 

selenium and hydrogen through the substitution reaction, resulting in CIS.  

 

(a) 
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(b) 

Fig. 6.5. (a) Surface morphology and (b) cross-sectional SEM images of CIS film. 

 After selenization at 525°C, the transformation into CIS was completed, giving 

rise to the well-crystallized and void-free layer. SEM images of a top view and cross-

sectional view of CIS film are given in Fig. 6.5(a-b), respectively. A crack-free and 

densely packed polycrystalline film with grain sizes at a micron scale can be clearly 

seen. The surface is homogeneous but suffers from roughness with the growth of a 

combination of small and large grains. EDS indicated a Cu1.18In1.00Se2.93 composition 

of the film. 
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6.5 Future Works 

 A potential area of future work for CuInSe2 thin film deposition is to fabricate 

CuInSe2 thin film solar cells based on a solution-based process. A chalcopyrite-

structured CuInSe2 films are required for the fabrication.   

 Molybdenum back contact was deposited on pyramidal Si substrate by DC 

magnetic sputtering in AJA sputter system with base pressure of 2×10
-5

 mtorr. The 

power on target was 400 W. The flow rate of argon was 20 sccm for 20 min and 

decreased to 5 sccm for another 20 min. The corresponding pressures in the chamber 

were 6 and 1 mtorr, respectively.  

 CuS thin film was deposited on Mo-coated pyramidal Si substrate by MASD. 

The deposition condition is as follows; the mixed reactant concentration of set C was 

used (0.1 M CuSO4, 0.1 M NaAC, 0.755 M TEA, 0.822 M ammonia, and 0.056 M 

thiourea), 25°C of Thomo, 80°C of Thet, 31 s of residence time (flow rate = 0.4 ml/min) 

and 1 min of deposition time. Fig. 6.6 presents a cross-sectional SEM image of CuS 

thin film on Mo-coated pyramidal Si. It shows that Mo layer still exists after the CuS 

deposition, therefore it is plausible to fabricate CuInSe2 thin film solar cell.    
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Fig. 6.6. Cross-sectional SEM image of CuS thin film on Mo-coated pyramidal Si, 

deposited by MASD for 1 min.  

X-ray diffraction (XRD) was used to identify chemical compositions and 

phases of the films. As shown in Fig. 6.7, the obtained CIS film, deposited on 

molybdenum coated pyramidal Si, demonstrates a good match with the reference 

JCPDS (40-1487) of CuInSe2. The film shows a dominant (112) orientation over other 

orientations. MoSe2 and Mo spectra were also detected. MoSe2 is formed as a 

consequence of the interdiffusion of the different elements at the CuInSe2/Mo 

interface as well as the chemical instability between Mo and Se at the interface. Cu2-

xSe was also expected to exist in the film. To resolve the potential overlapping of 

XRD signals for CIS and Cu2-xSe, Raman spectroscopy is usually utilized to 

distinguish between these two phases. In addition, it is needed to form a pure 
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chalcopyrite phase of CuInSe2 to achieve a good performance of solar cells, therefore 

adjustable composition ratios of CIS film are required to be 1:1:2.     

 

Fig. 6.7. X-ray diffraction analysis of CIS film. 

 Once the absorber layer of chalcopyrite CuInSe2 is successfully deposited on 

Molybdenum back contact on pyramidal Si, the next step is to deposit a CdS buffer 

layer, a window layer which consists of intrinsic ZnO and Al-doped ZnO, and an 

aluminum top contact, assembling as a solar cell for a further performance test.  
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CHAPTER 7 

CONCLUSIONS  

 This dissertation has described a mechanistic investigation of copper sulfide 

(CuxS) thin films deposited by three different solution-based processes; chemical bath 

deposition (CBD), microreactor-assisted solution deposition (MASD), and 

photochemical deposition (PCD). An in-situ QCM measurement was carried out to 

study the growth kinetics of CuxS thin films by CBD for the first time. The correlation 

of the initial growth rate as a function of the main reaction parameters (temperature, 

concentration of reactants, and pH) was examined. The reaction activation energy was 

determined based on the initial growth rates. The value of 68 [kJ/mol] indicates the 

rate limiting step of the deposition is chemical reaction rather than mass transport. The 

structure, morphology, composition, and optical band gap were found to be dependent 

on the deposition conditions. Higher [SC(NH2)2]/[CuSO4] ratio in the bath could 

produce more uniformly covered sulfur-rich CuxS films. 

 Though CBD has many advantages, it suffers from some major drawbacks e.g. 

the formation of particle in the solution and the slow deposition rate. The MASD 

process was developed to overcome the drawbacks associated with conventional CBD 

process by providing the capability to de-couple the competing reactions of the 

homogeneous particle formation and thin film deposition from the molecular level 

heterogeneous surface reaction. A particle-free impinging flux to promote molecule-

by-molecule heterogeneous CuxS film growth could be obtained from this reactor by 
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controlling the key parameters; concentration of mixed reactants, homogeneous 

temperature, heterogeneous temperature, and residence time, independently as 

follows; a mixed reactant concentration 5 times lower than that of CBD, Thomo at 25°C, 

Thet at 80°C, and residence time of 62 s. Final film thickness of about 130 nm was 

achieved within 2 min of deposition time. The effects of these parameters were also 

investigated by in-situ measurement to explain the influence on the kinetic growth of 

CuxS thin films. Based on the experimental results and observations, the growth 

mechanism of CuxS thin film using MASD process was proposed.  

 Another simple solution-based process, photochemical deposition (PCD) 

which uses UV light to activate the reaction was also investigated for CuxS thin film 

deposition. In PCD, CuxS thin films can be deposited specifically on the irradiated 

area, potentially leading to low waste generation. The growth kinetics was carried out 

under various deposition conditions, including pH, substrate position, reactant 

concentration, deposition time, and temperature. In this work, a detailed mathematical 

model was developed to represent the photochemical deposition of CuxS thin film. 

This model can be used as an analytical tool for kinetic parameter estimation. 

Successful kinetic modeling and parameter estimation was performed based on the 

proposed reaction mechanism of PCD CuxS. The calculated results of CuxS growth at 

different reaction temperature were in good agreement with experimental results. 

 To compare among these three techniques, each characteristic is discussed 

according to categories as follows. 
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1. Film growth rate  

 CBD has a growth rate of 0.09 μm/hr, deposited at a baseline condition at  0 C 

while PCD has a growth rate of 0.16μm/hr. PCD performs a higher growth rate 

compared to CBD because the heterogeneous surface reaction for film formation is 

specific on the irradiated area. However, PCD still cannot avoid the particle formation 

in the solution. MASD shows a highest growth rate value of about  .9 μm/hr. This 

could be attributed to its capability to facilitate the heterogeneous surface reaction.  

2. Deposition time 

 To deposit a CuxS thin film with a thickness of 100 nm approximately, CBD 

and PCD require up to 1 hr, while MASD requires only a few minutes. 

3. Temperature 

 The optimum deposition temperature for CBD process is 40 - 60°C. Higher 

deposition temperature results in a poor adhesion of CuxS thin films. PCD process can 

be operated at room temperature since temperature has little influence on activating 

the reaction. MASD process has two separate controllable temperatures; homogeneous 

solution temperature and heterogeneous surface temperature. 

4. Growth mechanism 

 The deposition of CuxS thin films via CBD and PCD processes undergo both 

heterogeneous and homogeneous reactions. Heterogeneous surface reaction can be 

favorably achieved for CuxS film formation because the distinct advantage in capable 
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of de-coupling heterogeneous and homogeneous reactions and controlling the 

parameters separately of MASD process. 

5. Types of substrate 

 CuxS thin films can be deposited on various kinds of substrates e.g. glass 

slides, silicon wafers, and conducting substrates by CBD and MASD techniques. 

Whereas only conducting substrates is suitable to deposit uniform and adherent film 

for PCD.      

 MASD appears to be the most suitable technique to deposit high quality CuxS 

thin films at a deposition rate that could provide an economical throughput for thin 

film solar cells. Binary CuxS thin films were deposited by MASD on highly textured 

Si substrate and converted into ternary CuInSe2 films to demonstrate the feasibility of 

this concept.  Dense and highly crystalline CuInSe2 thin films were successfully 

fabricated using a reactive precursor film stacks including CuxS and In(Cl, OH) 

followed by a selenization process. This approach demonstrated a promising way to 

fabricate CuInSe2 absorber layer for solar cells. 
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