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Zinc Sulfide (ZnS) thin film, with a wide band gap, has been used for many 

applications, such as buffer layer for CIGS solar cells, light emitting diodes and thin film 

electroluminescent devices.  

In this work, ZnS thin films were prepared using two different deposition processes.  

In the first method, ZnS thin films were deposited by using conventional chemical bath 

deposition (CBD) process. Micro-reactor assisted solution deposition (MASD) with a flow 

cell was used as the second method. Growth kinetics of ZnS thin films in CBD was analyzed 

using in-situ quartz crystal microbalance measurements, and ex-situ transmission                                                                                                                                                                                                                                                                                                                                

electron microscopy (TEM) and scanning electron microscopy (SEM) measurements. The 

results from the TEM and SEM measurements suggest that the film growth follows a two-

step process with the formation of the nuclei in the solution first, attachment to the surface, 



 
 

 
 

followed by aggregation of nanoparticles into half spheres on the surface of the substrate and 

finally half spheres connect to the neighbor half spheres, thereby forming a continuous film. 

The mechanism study, verified by the SEM images, shows that nucleation starts very early in 

the CBD process. The degree of supersaturation influences the growth rate and final surface 

morphology.  

Temperature-dependent growth rate in the linear growth region follows the Arrhenius 

equation with an estimated value of activation energy (Ea) to be around 36 KJ/mol. This 

value, which is considered low (less than 40 kJ/mol), indicates that the rate limiting step is 

more likely to be a physical process such as adsorption or diffusion, rather than a chemical 

process, which tends to have higher activation energies. In our study, the chemical bath is 

vigorously stirred so that the rate-limiting step is likely controlled by a physically adsorption 

mechanism. 

  The continuous flow micro reactor was used to deposit ZnS thin films using 

various flow cells of different designs. The depositions were carried out on display glass of 1 

inch wide by 3 inches long. Both analytical equations (Hagen-Poiseuille) and computational 

fluid dynamics were applied to determine proper height for the flow channel. COMSOL 

Multiphysics simulation of fluid flow along with particle tracer was carried out to find an 

optimum  cut out radius for further study. The film thickness growth kinetics and solute 



 
 

 
 

concentration near the substrate surface was simulated using the COMSOL Multiphysics 

program with an assumption of laminar flow, transport of diluted species and a simplified 

first order reaction.   

An insert that mimics a cut out radius of 2.31 inches was fabricated  using a 3D 

printer and installed in the flow cell to deposit ZnS thin films.  

ZnS thin films deposited using the flow cells with and without the 3D printed insert 

were investigated. The results were analyzed using plane-view and cross-sectional SEM 

images. The film thickness was determined by cross-sectional SEM image. The results  

indicated that the thickness uniformity was improved with the 3D printed insert. We found 

toward the end of the substrate, the ZnS thin film was not continuous due to the lower 

solution concentration caused by the depletion of reactants. New flow cell designs were 

proposed and COMSOL simulation was performed to examine the effectiveness of these flow 

cells. 

To demonstrate the utility of the ZnS thin films by solution-based processes, SnS and 

CuS thin films were deposited on top of the ZnS thin film to form SnS/CuS/ZnS layered 

precursor film then followed by selenziation at various temperatures in an attempt to produce 

CZTSSe absorber layers for CZTSSe thin film solar cells.  
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Chapter 1 Introduction 

Even though the Cu(In,Ga)Se2 (CIGS) solar cell has achieved 21.7% efficiency, its 

use of rare materials indium and gallium make it difficult to produce terawatt 

deployment.
1
 Cu2ZnSnSxSe4-x (CZTSSe) contains earth-abundant materials and attracts 

increasing attention for solar cell applications due to its high absorption coefficient (~10
4
) 

and tunable band gap (1.0-1.5 ev).
2,3

). Until now, the highest efficient CZTSSe solar cells 

(12.6%) are produced by a solution-based process, wherein hydrazine is used for 

dissolving the precursors.
4
 However, hydrazine is a very toxic and explosive solvent, and 

therefore it requires an alternative solution-based approach. One possible scheme is to 

stack the precursor layer of binary compounds, in which some examples showed a 

promising path to produce a high efficient CZTSSe solar cell by controlling their reaction 

rates. One interesting result reported by Chawla et al.
5
 was the co-sputtering of ZnS and 

CuS targets, followed by annealing in a SnS and/or S2 gas atmosphere, resulting in an 

efficiency as high as over 8%. Jianjun Li et al
6
 tried many different stacking sequence 

produced by sputtering. The highest efficiency solar cell among all stacking sequence 

tried was obtained in Cu/SnS/ZnS/Mo with efficiency of 3.35%. Son et al
7
 used RF/DC 

sputtering to create stacked precursor Cu/SnS/ZnS layers on Mo-glass and they produced 

an 8.03% efficiency CZTSSe solar cell.  

Zinc Sulfide (ZnS), the focus of this work, has been used as part of the precursor to 

produce a CZTSSe solar cell.
6,8,9 

 ZnS thin films can be deposited using different methods 

such as pulsed-laser deposition,
10

 RF reactive magnetron sputtering,
11

 chemical vapor 
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deposition,
12

 atomic layer deposition,
13

 spray pyrolysis,
14

 sol-gel,
15

 electrodeposition
16

 

and chemical bath deposition (CBD)
17-25

. CBD has wildly been used for the deposition of 

semiconductor thin films due to its relatively easy process control, low capital expense 

and low temperature requirement. In 1884, CBD was firstly used to deposit PbS by 

Emerson-Reynold.
26

. Since then, CBD has been developed to deposit Ag2S, As2S3, PbSe, 

CdS, CdSe, SnS, SnS2, and many other selenide and sulfide-based thin films for various 

applications. CBD CdS thin films played an important role in pushing CIGS solar cell 

efficiency ever higher. Simple and fast CBD methods can produce a uniform ZnS film 

and also be used for CdS deposition as a buffer layer in the CuInGaSe solar cell. CBD of 

ZnS has been extensively studied for the past decade. Agawane et al.
21

 reported that film 

thickness with different growth rates could be produced by varying the concentration of 

Na3-citrate in the precursor solution. The growth rate was controlled by using two buffer 

materials, ammonia (NH3) and nitrilotriacetic acid trisodium salt (Na3NTA) (Hariskos et 

al.
22

). By varying the ratio of NH3/Na3NTA, they were able to increase the growth rate of 

ZnS film with 8-10 nm min
-1

 on CIGS layer.  Buffiere et al.
25

 were able to increase the 

growth rate by 3-fold with H2O2 as an additional oxygen source. However, there is no 

report to study growth kinetics for this scheme as far as we know.  

In chapter two, we look into the development of CBD and its applications. Several 

groups have studied CBD ZnS thin films or particles growth in an acidic environment 

using ammonia as a complex agent .
27-30

 However, a study of the growth mechanism in an 

alkaline environment with Na3NTA as a complex agent has not been very well 

investigated.  
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Our strategy in this work is to study the ZnS thin film growth kinetics by measuring the 

film thickness with various deposition conditions such as temperature, pH and concentration of 

precursors. In situ measurement of the thin film growth was performed by using a quartz crystal 

microbalance (QCM), followed by thin film growth on Fluorine-doped Tin Oxide (FTO) glass in 

order to understand growth mechanisms. Growth kinetics study is presented in chapter 3. 

In Chapter 4, Microreactor-assisted solution deposition (MASD) implemented in a flow 

cell was carried out to produce ZnS thin film on one inch by three inch substrates. MASD has 

many advantages, including efficient mixing of reactant streams as well as a continuous flow 

system that also provides better temporal control over the homogeneous reaction of the chemical 

solution before it impinges on the substrate surface.  Nonetheless MASD processing has some 

drawbacks that need to be resolved including spacial unevenness of thin film growth due to a 

non-uniform flow pattern and exhaustion of chemical species.  

Chapter 4 contains simulations of the MASD flow pattern and discussion of a 3D printed 

flow cell. We use COMSOL simulation of the convection flow, diffusion and surface reaction for 

a better understanding of the main reason behind spatial unevenness.  Additionally, the flow cell 

configuration is redesigned to correct the problem. 3D printing is used to realize the changes 

found necessary to improve the uniformity of the thin film throughout the flow cell.  

In chapter 5, we point out areas for further study. Firstly, a different flow cell is proposed 

to improve thin film uniformity. Secondly, a preliminary study of ZnS thin film as pre-cursor 

CZTSSe solar cell was conducted and area of future work was suggested. 
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Chapter 2 Literature Review of CBD 

CBD is a process to deposit a thin film on the surface of a substrate by submerging the 

substrate in a precursor chemical solution. By controlling the bath temperature, pH value and 

concentrations of the reagents many types of functional thin films have been successfully 

deposited using this method. 

2.1 Basics of Chemical Bath Deposition 

 

In principle, CBD can be used to deposit any compound that satisfies the following four 

basic requirements
1
. The compound can be made by simple precipitation. This generally, 

although not exclusively, refers to the formation of a stoichiometric compound formed by ionic 

reaction. 

 The compound should be relatively (and preferably highly) insoluble in the solution used. 

 The compound should be chemically stable in the solution. 

 If the reaction proceeds via the free anion, then this anion should be slowly generated (to 

prevent sudden precipitation). If the reaction is of the complex-decomposition type, then 

decomposition of the metal complex should similarly occur slowly. 

In order for the precipitation to occur, the ionic product of the reactants needs to exceed 

the solubility product. In the case of ZnS dissolved in equilibrium aqueous solution (2.1):  
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𝑍𝑛𝑆(𝑠) ��⇌ �𝑍𝑛2+ +�𝑆2−       (2.1) 

A small amount of ZnS will dissolve and create a small amount of Zn
2+

 and S
2-

 ions. 

 The solubility product, Ksp, is defined as the product of the concentration of the 

dissolved ions (2.2).  

𝐾𝑠𝑝 �= �� [𝑍𝑛2+][𝑆2−]        (2.2) 

 If the product of the concentration of [Zn
2+

] and [S
2-

] exceeds 1.2x10
-23

, the excess ions 

will be precipitated as ZnS particles
4
, until the product of the concentration of [Zn

2+
] and [S

2-
] 

reaches 1.2x10
-23

. In this case, to determine the mechanisms of the CBD process for ZnS, the 

concentration and the existing form of Zn
2+

 and S
2-

 in aqueous solution will be considered.  

In aqueous solution, most of the sulfur ion will be in the form of HS
-
, this is due to the 

equilibrium of the two species (2.3):
1
  

𝐻𝑆− ��⇌ � 𝑆2− +�𝐻+���������𝐾𝑎 = [𝑆2−][𝐻+] [𝐻𝑆−]⁄ = 10−17.3  (2.3) 

Similarly, as the solubility product of Ksp, the equilibrium constant Ka can be used to 

determine the ion concentration in aqueous solution under thermodynamic equilibrium state. 

Adding or consuming any species in an equilibrium state will cause the shift of the equilibrium, 

which will result in a change of the concentrations of all the species involved in the reaction. 
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However, the equilibrium constant Ka will remain same unless the temperature is changed. In 

this way, the concentration of the S
2-

 can potentially be estimated, as long as the value for the 

equilibrium constant and the initial mass of reactants are known. When we calculate 

concentration of [Zn
2+

] and [S
2-

] we need to include [HS
-
] into the calculation. 

In this study, the sulfur source is thioacetamide, which will generate the sulfide ions by 

hydrolysis in aqueous solution. The main reaction involved in the hydrolysis is described as 

follows (2.4-2.6):
 

 �𝐶𝐻3𝐶𝑆𝑁𝐻2 +�2𝑂𝐻
− �→ �𝐶𝐻3𝐶𝑂𝑂

− + 𝑁𝐻3 + 𝐻𝑆−������      (2.4)                 

𝐻𝑆− ��⇌ � 𝑆2− +�𝐻+���������𝐾𝑎 = 10−17.3     (2.5) 

 

𝐾𝑎 =� [𝑆2−][𝐻+] [𝐻𝑆−]⁄        (2.6) 

 

 

In our study, the pH is between 10.5 and 11.0, so a value of 11 was taken for the calculation 

below (2.7-2.8). 

10−17.3 = [𝑆2−] ∗ [10−11] [𝐻𝑆−]⁄ �      (2.7) 

[𝑆2−] = [𝐻𝑆−] ∗ �10−6.3       (2.8) 
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Therefore, the main form of the sulfide source in solution is HS
-
, and the concentration of 

S
2-

 is very low, which is favorable in our case, as it is easier to control the release and 

precipitation rate of the S
2-

.   

In order to control the slow precipitation rate to enable heterogeneous deposition of thin 

film on the substrate, a suitable complex agent is needed to control a slow release of metal ions 

from solution. The free metal ion concentration is controlled by the formation of complex 

species given by equation (2.9): 

𝑀(𝐿)𝑛+ �⇌ �𝑀𝑛+ + 𝑛𝐿����������������������������������     (2.9) 

Where L is the ligand and M
n+

 is metal ion with a charge of n. The concentration of the 

free metal ion is represented by equation (2.10): 

𝐾𝑖 =� [𝑀𝑛+][𝐿] [𝑀(𝐿)𝑛+]⁄        (2.10) 

Ki is the dissociation constant of the complex ion. It determines the concentration of the 

metal ions, ligand, and metal complex under equilibrium. In our study we use Na3NTA as a 

complex agent for the Zn ion. The formation and dissociation of the metal complex is given in 

(2.11-2.12). 

𝑍𝑛𝑁𝑇𝐴1− �⇌ �𝑍𝑛2+ + 𝑁𝑇𝐴3−����������������������������������    (2.11) 
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𝐾𝑖 = 2�𝑥�10−11 = [𝑍𝑛2+][𝑁𝑇𝐴3−] [𝑍𝑛𝑁𝑇𝐴1−]⁄ ���������������                         (2.12) 

    
 

The dissociation constant is fixed if the solution temperature doesn’t fluctuate too 

much. Additional NTA
3-

 will cause an equilibrium shift to the ZnNTA
-
 direction. More 

Zn
2+

 will exist in metal complex form, and less Zn
2+

 ions will stay in the aqueous 

solution, as required. As a result of the complexing function of NTA
3-

, the concentration 

of the Zn
2+

 will stay low and relatively stable, which leads to the slow formation of the 

ZnS on the substrate surface. 

2.2 Film Growth Mechanism in CBD 

 

CdS has been the most studied thin film growth using CBD. Here we use CBD CdS via 

cadmium sulfate and thiourea as an example. The formation and deposition of ZnS on a substrate 

surface can be included in the same category as the CBD CdS. Researchers had proposed 4 

different mechanisms of CBD of CdS. 
1 

1. Simple ion-by-ion mechanism.  

𝐶𝑑(𝑁𝐻3)4
2+ �⇌ 𝐶𝑑2+ +�4𝑁𝐻3              (2.13) 

The S
2- 

comes from the hydrolysis of thiourea in aqueous alkaline solution (2.14): 

(𝑁𝐻2)2𝐶𝑆 +�2𝑂𝐻
− → 𝑆2− +�𝐶𝑁2𝐻2 +�2𝐻2𝑂������������������    (2.14) 

𝐶𝑑2+ +�𝑆2− �⇌ 𝐶𝑑𝑆        (2.15) 

When the ion product of [Cd
2+

] and [S
2-

] exceeds the solubility product, Ksp, of CdS, the 

precipitation of CdS could occur (2.15). As mentioned above, to control the precipitation rate, 
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the concentration of the [Cd
2+

] and [S
2-

] and the temperature need to be considered. A higher 

concentration of the both reactants will result in a higher rate of precipitation, which follows the 

chemical kinetics process. The precipitation won’t stop until the reaction reaches equilibrium, 

where the solubility product reaches a constant. One possible way to control the concentration of 

the reactants is to vary the amount of ammonia. The ammonia in the solution will inhibit the 

hydrolysis of the 𝐶𝑑(𝑁𝐻3)4
2+

complex, and further eliminate the free Cd
2+

 ions in the solution. 

However, extra ammonia will cause the increase of the pH value, which will promote the 

hydrolysis of thiourea, and the S
2-

 ions. To control the precipitation rate, an optimal amount of  

ammonia needs to be selected to balance the concentration of the Cd
2+

 and S
2-

 ions. Other 

parameters, such as temperature and pH also need to be adjusted for an optimized CdS thin film.  

2. Simple cluster(hydroxide) mechanism 

𝑛𝐶𝑑2+ +�2𝑛𝑂𝐻− �⇌ 𝑛𝐶𝑑(𝑂𝐻)2�����������     (2.16) 

 The forming of a solid cluster is shown in (2.17) 

𝑛𝐶𝑑(𝑂𝐻)2 ��+ �𝑛𝑆2− �⇌ 𝑛𝐶𝑑𝑆 + 2𝑛𝑂𝐻−     (2.17) 

In this mechanism, the cadmium hydroxide in nano-scale will form in the solution. 

Instead of free Cd
2+ 

ions, the cadmium hydroxide will directly react with S
2-

 to form CdS 

nanoparticles in either aqueous solution (homogeneous reaction) or on the substrate surface 

(heterogeneous reaction). The resulting nanoparticles will aggregate for further growth of the 

films or become bigger particles.  Kitaev et al.
3
 proposed a growth mechanism, wherein they 

suggest the solid phase Cd(OH)2 must be present in the solution to produce CdS film. While 

Kaur et al 
4 

found that Cd(OH)2 was not necessarily needed to produce CdS thin films. Whether 
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or not Cd(OH)2  is formed and reacts with S
2-

 is largely dependent on the pH of the solution, 

which can also be estimated by using the equilibrium constant of the Cd(OH)2.  

3.Complex decomposition ion-by-ion mechanism 

(𝑁𝐻2)2𝐶𝑆�� + �𝐶𝑑
2+ �⇌ [(𝑁𝐻2)2𝐶𝑆 − 𝐶𝑑]2+    (2.18) 

[(𝑁𝐻2)2𝐶𝑆 − 𝐶𝑑]2+ + 2𝑂𝐻− �⇌ 𝐶𝑑𝑆 + 𝐶𝑁2𝐻2 + 2𝐻2𝑂   (2.19) 

In this mechanism, the free Cd
2+

 will further react with thiourea to form the 

complex,[(𝑁𝐻2)2𝐶𝑆 − 𝐶𝑑]2+, which will further react with OH
-
 to form CdS. Again, this 

process is controlled by the thermodynamic equilibrium. The concentration in this case is not just 

a result of dissociation of the Cd complex, but also a complex formation process of 

[(𝑁𝐻2)2𝐶𝑆 − 𝐶𝑑]2+. To accurately control the concentration of reactants, both reactions 

equilibrium need to be considered. 

4. Complex decomposition cluster mechanism 

[𝐶𝑑(𝑂𝐻)2]𝑛 + (𝑁𝐻2)2𝐶𝑆�� ⇌ [𝐶𝑑(𝑂𝐻)2]𝑛−1(𝑂𝐻)2𝐶𝑑 − 𝑆 − 𝐶𝑁2𝐻2   (2.20) 

[𝐶𝑑(𝑂𝐻)2]𝑛−1(𝑂𝐻)2𝐶𝑑 − 𝑆 − 𝐶𝑁2𝐻2 ⇌ [𝐶𝑑(𝑂𝐻)2]𝑛−1𝐶𝑑𝑆 + 𝐶𝑁2𝐻2 + 2𝐻2𝑂 (2.21) 

This process is a combination of complex decomposition ion-by-ion mechanism and 

simple cluster mechanism. The cadmium hydroxide cluster will react with thiourea and further 

decompose into CdS particles.  
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Ortega-Borges et al.
5
 did a kinetic study of CdS deposition using QCM to measure film 

thickness. They concluded that the CdS deposition is via the adsorption of 𝐶𝑑(𝑂𝐻)2 ∙ 𝑆𝐶(𝑁𝐻2)2 

onto the substrate, and then the intermediate complex decomposes to CdS. Their findings further 

proved the complex decomposition cluster mechanism.  

The first two mechanisms involve free sulfide ions and the last two do not involve the 

formation of free sulfide ions. In reality, the film growth could happen involving a combination 

of the above growth mechanisms. The formation of ZnS in the aqueous solution could involve at 

least one of the above mechanisms. Many reaction parameters can influence the reaction path- 

namely, the pH value, reaction temperature, reactant concentrations and reaction time. The study 

of the CdS formation mechanisms provides some reference to understand the formation of CBD 

ZnS.  

2.3 Formation mechanism of ZnS films 

 
Froment et al.

6
  used the HRTEM technique to investigate the growth mechanism of ZnS 

and CdS films. They found that ZnS films have a different structure (cubic ZnS) from those of 

CdS and showed the individual ZnS grains were less than 10 nm, which is smaller than CdS 

grains. Due to the grain size discrepancy, this result suggests that the growth mechanism of ZnS 

thin films occurs via cluster by cluster growth. Another hypothesis is reported by Dona et al.
7  

suggesting the growth mechanism of ZnS to be complex decomposition ion-by-ion mechanism.  

T. Hildebrandt et al.
8 

used activation energy to determine the thin film formation 

mechanism. In their system they used zinc sulfate (ZnSO4) as a zinc source, thiourea (SC(NH2)2) 

as a sulfur source and ammonia(NH3) as a complex agent to deposit ZnS. The growth mechanism 
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was found to be ion-by-ion (activation energy = 45 kJ/mol) without any other additives. With 

additives such as H2O2 or H2O2 and ethanolamine, the growth mechanism was cluster-by-cluster 

(activation energy < 20 kJ/mol). They also showed that if H2O2 and tri-sodium citrate 

(Na3C6H5O7) are added, the growth mechanism is a mix of ion-by-ion and cluster-by-cluster.   

2.4 Nucleation and Crystal Growth 

 

To form a precipitate in solution, the product of the concentration of the reactants must 

exceed the solubility constant and reactants must undergo a phase change, from liquid phase to 

solid phase. Herein, the solubility constant is an important parameter. However, in some cases, 

even the product of reactants exceeds the solubility constant and no precipitation occurs, which 

is often referred to as the supersaturation phenomenon. The solubility constant doesn’t provide 

detailed information about the precipitation process. To better understand and control the 

precipitation process, nucleation and crystal growth processes must be taken into account.  

Equations 2.22 onwards will develop the nucleation rate equation. Homogeneous nucleation is 

formed within a homogenous fluid. For a supersaturated solution, the overall free energy, ∆G, 

can be represented as the sum of the surface excess energy, ∆Gs , and the volume excess energy, 

∆Gv.
 
∆Gs is a positive quantity and its magnitude is proportional to r

2
. ∆Gv is a negative quantity 

proportional to r
3
 in a supersaturated solution.

 9
 

∆𝐺 = ∆𝐺𝑠 +�∆𝐺𝑉 = 4𝜋 ∙ 𝑟2 ∙ 𝛾 + (4 3⁄ )(𝜋 ∙ 𝑟3 ∙ ∆𝐺𝑣)       (2.22) 

Where 

r is Radius of spherical particle 

𝛾 is the interfacial tension, or surface free energy per unit area 

∆𝐺𝑣 is free energy change of the transformation per unit volume 
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 Fig. 2-1 Critical nucleus radius in a free energy diagram. 

Since ∆Gs is positive and ∆Gv is negative and varies with the length of the radius, the 

overall free energy of formation, ∆G, will have a maximum. This∆𝐺𝑐𝑟𝑖𝑡�, corresponds to the 

critical nucleus radius rc, where the probability of the nucleus to grow or dissolve is 50:50 can be 

expressed as (2.23).  

𝑑∆𝐺/𝑑𝑟 = 0         (2.23) 

Substitute ∆G with equation (2.2) and take the derivative we have equation (2.24) 

��𝑑∆G/dr = 8𝜋 ∙ 𝑟 ∙ 𝛾 + 4𝜋 ∙ 𝑟2 ∙ ∆𝐺𝑣 = 0     (2.24) 

By solve equation (2.24) for r, we have equation (2.25) 

𝑟𝑐 = −2𝛾�/∆𝐺𝑣�𝑜𝑟��� − ∆𝐺𝑣 = 2𝛾/𝑟𝑐���     (2.25) 

Substituting rc into equation 2.24, we can get maximum value of free energy shown in 

2.26. 
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Δ𝐺𝑐𝑟𝑖𝑡 = 16𝜋 ∙ 𝛾3�/(3(∆Gv)2) = 4𝜋 · 𝛾 · 𝑟𝑐
2/3   (2.26) 

Next we define the rate of nucleation, J, which can be expressed in the form of the 

Arrhenius reaction velocity equation commonly used for the rate of thermally activated processes 

in 2.27 

𝐽 = 𝐴𝑒𝑥𝑝(−Δ𝐺 𝑘𝑇⁄ )        (2.27) 

Where k is Boltzmann constant and A is the pre-exponential factor. The change in Gibbs free 

energy must be define with known parameters, as will be developed in 2.28-2.31. 

The relationship between particle size and solubility, derived by Thomson in 1871 and 

utilized later by Gibbs, for a non-electrolyte can be expressed as follows in (2.28)
9
  

𝑙𝑛𝑆 = 2𝛾𝜈�/𝑘𝑇𝑟�������𝑜𝑟��2𝛾/𝑟� = 𝑘𝑇𝑙𝑛(𝑆)/�𝑣�����������������������������   (2.28) 

 

Where  

S = Super saturation ratio S= C/C
* 

C = Solution concentration 

C* = is the equilibrium saturation at the given temperature 

𝝂= Molecular volume 

By combine (2.25) and (2.28) we have equation (2.29)  

−Δ𝐺𝑣 = �2𝛾/𝑟� = 𝑘𝑇𝑙𝑛(𝑆)/�𝑣��      (2.29) 

By substitute ΔGv in equation (2.26) we get equation (2.30) 

 

Δ𝐺𝑐𝑟𝑖𝑡 =� (16𝜋𝛾3�𝑣2)/(3(𝑘𝑇𝑙𝑛(𝑆))
2
)      (2.30) 



20 
 

 

And substitute ΔGv in equation (2.25) we get equation (2.31) 

𝑟𝑐 =�2𝛾𝜈 𝑘𝑇𝑙𝑛(𝑆)⁄          (2.31) 

 

By substituting 2.30 into 2.27, we can obtain 2.32, the rate of homogenous nucleation. 

𝐽𝐻𝑜𝑚 = 𝐴�exp�[−(16�𝜋𝛾3𝜈2) (3𝑘3𝑇3(ln�(𝑆))2⁄ ]     (2.32) 

� 

  This rate equation indicates three variables influence rate of nucleation: interfacial 

tension 𝜰, temperature T and saturation ratio S. Further, saturation ratio is controlled by 

concentration of the reactant, pH and the ligand used. 

 As a result, the thin film growth rate is influenced by concentration of reactants, types 

and concentration of complexing agent, reaction temperature, pH, reaction time. 

2.5 Growth Kinetics 

 

Kinetic studies on the growth of CBD films shows that generally there are three phases of 

film growth
1
:  

(i) An induction period at the beginning of the process, where no clearly observable 

growth occurs.  This period corresponds to the buildup of chalcogenide concentration.  

(ii) An approximately linear growth region where most of the film growth occurs.  

(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.  
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Fig. 2-2 Thin film thickness growth curve vs time.  

 

Fig. 2.2 shows a typical thin film thickness growth curve over time with the three phases 

described above, deposited by the CBD technique. This type of growth kinetics often occurs 

regardless of the deposition mechanism.  

2.6 CBD of ZnS  

 

High quality ZnS can be prepared using a lot of different chemical bath compositions and 

also from different acidic and alkaline bath solutions. Table 2.1 shows a summary of bath 

compositions for CBD ZnS, including zinc salt, sulfide sources, and complexing agents, 

temperature and pH used in the literature. The growth rate, zinc and sulfide ratio and the crystal 

structure of the thin film are also reported.  
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Thioacetamide and thiourea are commonly used sulfur sources. Zinc chloride, zinc 

sulfate and zinc acetate are commonly used for the zinc source. 

The presence of a complexing agent is necessary in CBD to slow down precipitation, as 

previously discussed. Ligands which are generally used are triethanolamine (TEA), ammonia 

and Na3NTA. Ligands are mixed with the metal salt to form the intermediate metal complex 

before the sulfide reagent is introduced to the bath, in order to prevent sudden precipitation.  
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Chapter 3 ZnS Thin Films Growth by Chemical Bath Deposition:  A 

Study of Kinetics 

 

3.1 Introduction 

 

In this chapter the kinetics of ZnS thin film grown by chemical bath deposition (CBD) 

was studied by varying deposition temperature, pH and concentration of precursors. In situ 

measurement of the ZnS thin film growth was performed by using a quartz crystal microbalance 

(QCM) in order to understand the growth kinetics and reaction mechanism. The resulting ZnS 

thin films were characterized by using scanning electron microscope (SEM), transmission 

electron microscope (TEM), UV-Vis-NIR spectrophotometer and X-ray diffraction (XRD).  

3.2 Properties and Application of ZnS 

 

Zinc sulfide (ZnS) is a wide, direct bandgap semiconductor material which has two 

crystal forms: cubic (sphalerite or zincblende) and hexagonal (wurtzite)
1
 .  as show in Fig. 3-1 A) 

and B). The cubic ZnS has a band gap of 3.54 – 3.6 eV, while the band gap of hexagonal ZnS is 

3.74 – 3.87 eV 
1,2

. Due to its high band gap, ZnS is a suitable window layer for the CIGS solar 

cell. Additionally, doped ZnS nanostructures have been widely used in light-emitting diodes 

(LEDs)
3
, thin film electroluminescent displays (TFEL)

4
blue light LEDs and blue light injection 

lasers
5
 In our work, we intend to use the ZnS thin film as a precursor of CZTS solar cell’s light 

absorption layer. 
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Fig. 3-1 ZnS cyrstal structure. A) Cubic. B) Wurtzite. 

 

`3.3 Experimental 

 

A commercial fluorine-doped tin oxide (FTO) glass (Hartford Glass Co., Inc. TEC 

15, 2.2 mm) and display glass were employed as the substrates for ZnS thin film 

deposition. Reagent grade thioacetamide (TAA, 99%, Sigma-Aldrich), nitrilotriacetic acid 

tri-sodium salt monohydrate (Na3NTA, 98%, Aldrich) and zinc sulfate (ZnSO4 ACS 

grade, Fisher Scientific) were used without further processing.  

 In situ growth measurement of the ZnS film thickness and growth rates based on 

different experimental conditions were investigated by a QCM (Maxtek incorporated 

Model PM 710 at a frequency of 5 MHz). The setup consisted of a QCM probe inserted 

inside and immersed in the solution bath. The signal from the quartz crystal probe was 

sent to the quartz crystal monitor and computer for data acquisition. The bath was heated 

by a double-jacketed beaker with a hot water circulation pump as depicted in Fig. 3-2. A) 
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typical CBD reaction has overall molar concentrations of [ZnSO4] = 0.001 - 0.01 M, 

[TAA] = 0.025 - 0.2 M and [Na3NTA] = 0.028-0.228 M at 40 °C – 70 °C.  

 

Fig. 3-2. Schematic diagram for QCM measurement of the CBD ZnS thin film growth. 

3.4 Film Characterization 

 

The optical properties were measured by a UV-Vis-NIR spectrophotometer (Jasco, V-

670).  Scanning electron microscopy (SEM) coupled with the energy dispersive spectroscopy 

(EDS) (Quanta 600 FEG) was used to study the morphology, thickness and uniformity of the 

ZnS films. Transmission Electron Microscope (TEM, FEI Titan 80 - 200 STEM) was used to 

study composition and structure of the thin film. Focused Ion Beam technique (FIB) was used to 

lift a sample from the deposited ZnS thin film and use TEM to examine the composition, 

diffraction pattern and lattice spacing. For TEM characterization, samples were prepared by 

dropping 0.01 mL of the CBD liquid onto a carbon-coated nickel TEM grid. After a short time, 

the liquid was removed from the grid using a filter paper and dried at room temperature, leaving 
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behind particles on the nickel grid. X-ray diffraction (XRD) spectra was collected using a Bruker 

D8 Discover Diffractometer.  

3.5 Results and Discussion 

 

3.5.1 Kinetic studies 

3.5.1.1 Influence of Temperature 

The compositions of the solution used in this section are 0.008 M ZnSO4, 0.1 M 

TAA and 0.114 M Na3NTA at 40 °C - 70 °C. 

A typical growth curve obtained by QCM measurement as a function of time is shown in 

Fig. 3-3A). It shows three distinct growth regions. There is an induction period (I) at the 

beginning of the process where almost no film growth can be observed. Following the induction 

period, an approximately linear growth phase (Fig 3-3 A II) where the film thickness increases 

with the increase of deposition time. Finally, film thickness reaches a plateau where the growth 

rate drops to nearly zero (Fig 3-3 A III).
6
 Fig. 3-3 B) shows the growth curve of ZnS thin film at 

40 ⁰C - 70 ⁰C. The growth curves clearly show a strong temperature dependence. From Fig 3-3 

B) we can observe the induction period decreases as temperature increases to move into the 

growth period. In our study it decreased from 5 minutes for 40 ⁰C to one minute at 70 ⁰C. 

 The initial film growth rates were estimated by taking the slope of the linear growth 

curves. From Fig. 3-3 B), we can observe the final film thickness increases with the temperature.  
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Fig. 3-3. A) A typical shape of the CBD growth curve with three growth region: I=induction 

period; II = linear growth region; III = termination step.  B) QCM measurements of ZnS films 

obtained at different temperatures in a range of 40 °C – 70 °C. C) Temperature dependence of 

the growth rates.  Semi-log plot of the growth rate for Arrhenius calculations. 

Temperature-dependent growth rate in the linear growth region follows the 

Arrhenius equation in 3.1. 

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 or frequency factor which is a constant related to the initial reagent 

concentration, Ea is the activation energy, and R is the molar gas constant. 
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Table 3-1 summarizes the different initial growth rate at different temperatures. Each 

growth rate in the table is taken as the slope of the curve in Fig. 3-3 B) for the 

corresponding temperature. Fig. 3-3 C) is the Arrhenius plot for the initial growth rate in 

Table 3-1. 

Table 3-1. Summary of the initial growth rates at different temperatures 

 

 

 

 

 

 

From the linear fit of Fig. 3-3C), the activation energy (Ea) over the temperature 

range studied was calculated to be 36 kJ/mol. This value, which is considered low (less 

than 40 kJ/mol), indicates that the rate limiting step is a mass-transfer such as absorption 

or diffusion, rather than chemical, which tend to have higher activation energy.
7 

In our 

study, the chemical bath is rigorously stirred so that the rate limiting step is the absorption 

controlled mechanism. This result is in line with the result reported by Hildebrandt
8
 

whereby using different additives, they conclude the activation energy to range from 9 

kJ/mol to 45 kJ/mol for chemical bath deposition of Zn(S, O, OH) layer. Dona et al. also 

reported activation energy of 21 kJ/mol using thiourea, zinc sulfate, ammonia and 

hydrazine system to deposit ZnS thin film
9
. 

Temperature  

(ºC) 

1000/T  

(K
-1

) 

Growth rate 

(slope) 

(kÅ/min) 

Growth 

rate 

(μm/hr) 

ln(rate) 

(μm/hr) 

40 3.195 0.1115 0.6692 -0.401 

50 3.096 0.1832 1.0994 0.095 

60 3.003 0.2597 1.5582 0.443 

70 2.915 0.384 2.304 0.834 
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3.5.1.2 Influence of Reagent Concentration 

3.5.1.2.1 Influence of ZnSO4 Concentration 

 

In this section, the concentration of zinc sulfate was varied between 0.001 to 0.056 M to 

study it’s influence on the growth rate of ZnS thin film. Fig. 3-4 A) shows the ZnS thin film 

growth curve vs the change of zinc sulfate concentration from 0.001 to 0.056 M while the other 

parameters are kept constant ([TAA]= 0.1 M, [Na3NTA] = 0.114 M, at 60 ºC). An increase of 

initial growth rate with increase of ZnSO4 concentration is observed in the range under study, as 

shown in the inset of Fig. 3-4 B).  Increase of final film thickness and the decrease of induction 

period was also observed with the increase of ZnSO4 concentration. Table 3-2 shows the 

summary of the initial growth rate at different concentration of zinc sulfate. A reaction order of 

0.74 is obtained from the slope of the linear fit of the ZnSO4 concentration log plot, as shown in 

Fig. 3-4 B. 

 

.Fig. 3-4  A) ZnS thin film growth curve vs the change of zinc sulfate concentration (0.0056 M - 

0.001 M) prepared with [TAA]=0.1 M, [Na3NTA]=0.114 M, at 60 ºC.  B) The reaction order 
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from the linear fit of the corresponding logarithmic graph of the initial growth rate with the inset 

showing the initial growth rate (slopes) of Fig. 3-4A). 

Table 3-2 Summary of the initial growth rates at different concentration of zinc sulfate. 

[ZnSO4] 

(mol/l) 

Average growth  

(kÅ/min) 

Average growth 

(μm/hr) 

Log(rate) (μm/hr) 

0.0056 0.3066 1.8396 0.264723401 

0.00316 0.236766667 1.4206 0.15247181 

0.00178  0.1799 1.0794 0.033182414 

0.001 0.09145 0.5487 -0.26066504 

 

3.5.1.2.2 Influence of TAA Concentration 
 

In this section, the concentration of TAA was varied between 0.056 to 0.316 M to study it’s 

influence on the growth rate of ZnS thin film. Fig. 3-5 A) shows the ZnS thin film growth curve 

vs the change of TAA concentration from 0.056 to 0.316 M while the other parameters are kept 

constant (ZnSO4 = [0.008 M], [Na3NTA] = 0.114 M at 60 ºC). An increase of initial growth rate 

with increase of TAA concentration is observed in the range under study, as shown in the inset of 

Fig. 3-5 B).  A decrease of induction period time was also observed with the increase of TAA 

concentration. The final film thickness decreases as the concentration of TAA increases. This is 

because the high concentration of TAA causes the homogenous reaction to speed up, resulting in 

a thinner film. Table 3-3 shows the summary of the initial growth rate at different concentrations 

of TAA. A reaction order of 0.49 is obtained from the slope of the linear fit of TAA 

concentration log plot as shown in Fig. 3-5 B). 
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Fig. 3-5. A) ZnS thin film growth curve vs the change of TAA concentration (0.056 M - 0.316 

M) prepared with [ZnSO4]=0.008 M, [Na3NTA]=0.114 M, at 60 ºC.  B) The reaction order from 

the linear fit of the corresponding logarithmic graph of the initial growth rate with the inset 

showing the initial growth rate (slopes) of Fig. 3-5A). 

Table 3-3. Summary of the initial growth rates at different concentration of TAA. 

[TAA] 

(mol/l) 

Average growth  

(kÅ/min) 

Average growth 

(μm/hr) 

Log(rate) 

(μm/hr) 

0.316 0.4198 2.5188 0.401193685 

0.178 0.29285 1.7571 0.244796479 

0.1 0.2597 1.5582 0.1926232 

0.056 0.170475 1.02285 0.00981195 

 

3.5.1.2.3 Influence of Na3NTA Concentration 

 

In this section, the concentration of Na3NTA was varied between 0.031 to 0.114 M 

to study it’s influence on the growth rate of ZnS thin film. Fig. 3-6 A) shows the ZnS thin 

film growth curve vs the change of Na3NTA concentration from 0.031 to 0.114 M while 

the other parameters are kept constant ([TAA]=0.1 M, [ZnSO4 ] = 0.0018 M at 60 ºC). A 

decrease of initial growth rate with increase of Na3NTA concentration is observed in the 
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range under study, as shown in the inset of Fig. 3-6 B).  There is no clear trend for 

induction period and final film thickness. Table 3-4 shows the summary of the initial 

growth rate at different concentration of Na3NTA. A reaction order of -0.1667 is obtained 

from the slope of the linear fit of log rate vs log[Na3NTA] as shown in Fig. 3-4 B). The 

negative apparent reaction order indicated that the role of Na3NTA complexing with Zn
2+

 

ions lowers the free Zn
2+

 ion concentration, thus reducing the reaction rate. 

 

 

Fig. 3-6 A) ZnS thin film growth curve vs the change Na3NTA concentration (0.031M, 0.056 M 

and 0.114 M) prepared with [ZnSO4] = 0.0018 M, [TAA] = 0.1 M, at 60 ºC.  B) The reaction 

order from the linear fit of the corresponding logarithmic graph of the initial growth rate with the 

inset showing the initial growth rate (slopes) of Fig. 3-6A). 

 

Table 3-3. Summary of the initial growth rate at different concentration of Na3NTA. 

[Na3NTA] 

(mol/l) 

Average growth 

(kÅ/min) 

Average growth 

(μm/hr) 

Log(rate) 

(μm/hr) 

0.114 0.1779 1.0674 0.028327198 

0.056 0.2017 1.2102 0.082857149 

0.031 0.2202 1.3212 0.120968565 
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3.5.1.2.4 Influence of pH 

In this study, the initial pH is 11.25 with [ZnSO4] = 0.0032 M, [TAA]= 0.1 M and 

Na3NTA]= 0.114 M at 60 C. H2SO4 is used to lower the pH at the beginning of the 

deposition. Fig 3-7 A) shows the ZnS thin film growth vs pH. As can be seen, a decrease 

of pH lead to slower growth rate, as shown in the inset of Fig. 3-7 B). High concentration 

of OH
-
 will increase TAA’s hydrolysis rate as can be seen in Eq. 3.9. Lower pH also 

causes the induction period to increase due to lower TAA hydrolysis rate. A reaction 

order of 0.477 is obtained from the slope of the linear fit of log rate vs pH as shown in 

Fig. 3-7 B). 

 

Fig.3-7. A) ZnS thin film growth curve vs the change pH (10, 10.5 and 11.25) prepared with 

[ZnSO4] = 0.0032 M, [TAA]= 0.1 M and Na3NTA]= 0.114 M at 60 ºC.  B) The reaction order 

from the linear fit of the corresponding logarithmic graph of the initial growth rate with the inset 

showing the initial growth rate (slopes) of Fig. 3-7A). 
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Table 3-4 Summary of the initial growth rate at different pH. 

pH Average growth  

(kÅ/min) 

Average 

growth 

(μm/hr) 

Log(rate) 

11.25 0.2896 1.7376 0.239949808 

10.5 0.1909 1.1454 0.058957179 

10 0.0714 0.4284 -0.368150538 

 

From Fig. 3-4 to 3-7, the initial growth rate is given approximately by the following 

empirical equation: 

𝑟𝑎𝑡𝑒�𝑜𝑓�𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛(𝜇𝑚/ℎ𝑟) = 𝐾
[𝑍𝑛𝑆𝑂4]

0.74[𝑇𝐴𝐴]0.49[𝑂𝐻−]0.48

[𝑁𝑎3𝑁𝑇𝐴]0.17
   (3.2) 

Where K =3.5 x 10
7
 [μm5.62 ∙ mol−1.54 ∙ hr−1] at 60 ºC. 

The rate of reaction is estimated by fitting the slope in Fig. 3-2 A) under different 

starting reactants. Here, we choose the reaction rate at the beginning of the reactions, 

because the reactants’ concentration at the beginning is known, assuming the reactants 

consumed can be neglected. By using the known starting reactants, and the reaction rate 

from the slope, the relation between the rate of reaction and the concentration is estimated 

as equation 3.2. It can be seen that the rate of reaction is influenced by the concentration 

of ZnSO4, TAA, OH-, and Na3NTA. By increasing the concentration ZnSO4, TAA, or 

OH-, the reaction rate will increase. However, it is observed that adding more Na3NTA 

lowers the reaction rate. The main role of Na3NTA is to form complexes with Zn
2+

, and 

is to release the Zn
2+

 slowly. As a result, the concentration of Zn
2+

 will be lower, which 

will further reduce the reaction rate of species and the growth rate of the ZnS thin film. 
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By varying the concentration of all reactants we can control the quality, growth rate and 

film thickness of the ZnS thin film, which will be further discussed in this chapter.  

3.5.2 Characterization of the ZnS Thin Films on FTO Substrate 

Our plan is to use FTO glass as a substrate for CZTS solar cell. Here we study the film 

formation of ZnS on top of the FTO glass. A continuous thin film of about 400 nm is our target 

as precursor for CZTS solar cell. In order to obtain continuous ZnS thin film on FTO glass, we 

need to adjust ZnSO4 concentration to 0.01 M for the following study. 

3.5.2.1 SEM  

3.5.2.1.1 ZnS Thin Film Growth Study 

This section includes a discussion of film structure, as characterized by SEM. Fig. 3-8 A-

L) shows both plane-view and cross-sectional micrographs of ZnS thin films deposited on 

the FTO glass substrate at various deposition times, at 60 ºC where [Na3NTA] = 0.114 M, 

[ZnSO4] = 0.01M and [TAA] = 0.1M, are used. 

 

A) 1 minute (No cross-sectional view)   B) 2 minutes (No cross-sectional view)  
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C) 3 minutes                                      D) 4 minutes 

 

 

E) 5 minutes                                F) 6 minutes 
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G) 7 minutes                                  H) 8 minutes 

 

 

I) 10 minutes                                  J) 20 minutes                              
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K) 40 minutes                               L) 60 minutes  

Fig.3-8. Top and cross-sectional SEM image of ZnS thin film at different deposition time. A) 1 

minute, B) 2 minutes, C) 3 minutes, D) 4 minutes, E) 5 minutes, F) 6 minutes, G) 7 minutes, H) 8 

minutes, I) 10 minutes, J) 20 minutes, K) 40 minutes and L) 60 minutes.  Reaction condition: 

[Na3NTA] = 0.114M, [ZnSO4] = 0.01 M, [TAA] = 0.1M, at 60 ⁰C. 

In a typical CBD process, both homogeneous and heterogeneous reactions are 

occurring at the same time. In our case, we can barely see any particles or films on the 

substrate during the first three minutes. By combining with QCM data from Fig. 3-2, we 

can conclude that only a very small amount of precursor are absorbed on the surface via 

heterogeneous reaction. Also, even though homogeneous reaction is occurring in the 

liquid phase from the beginning of the process, no ZnS products were absorbed on the 

surface. This is probably due to the relatively low concentration of the nanoparticles in 

solution.  
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As the reaction proceeds (4 to 7 min), the substrate surface started to be covered by 

ZnS particles. Since no obvious ZnS film can be observed in the first 3 minutes of 

reaction, and the nanoparticles on the substrate appeared on the surface abruptly, this 

implies that the ZnS nanoparticles were formed and grown in the liquid phase to some 

certain size, and sequentially deposited onto the substrate surface. The particles on the 

surface kept growing by absorption of the reactants and nanoparticles from the liquid 

phase, eventually the gap between the nanoparticles were filled and a continuous film was 

formed. So we can conclude the film growth mechanism is a two-step process that first 

occurs with the formation of the nuclei in the solution. Next, some of the nuclei attach to 

the substrate surface, followed by aggregation of these nanoparticles onto the nucleus 

already on the substrate. Finally, the half spheres formed on the surface connect to the 

neighboring half spheres. From the cross section SEM image of 4 and 5 minutes (Fig. 3-8 

D and E), we can see perfect half spheres as they grow bigger. 

After 20 minutes, a further increase in reaction time will not change the thickness 

of the film, which can also be observed from QCM data, where no significant change of 

the mass can be observed.  

Also we can notice in Fig. 3-8 G), H), J), K), L) there are some lighter color balls 

on top of the thin film. Those are the ZnS particles formed in the solution which attached 

to the surface of the thin film. In section 3.5.2.2.1TEM characterization of one of the 

sample will back up this observation. In Fig. 3-8 H) and J), we can also see different size 

ZnS particles exist in the solution at the same time. 
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Fig.3-9. A) Cross-sectional SEM images of ZnS thin film deposited for 3,4,5,6,7,8,10,20,40 and 

60 minutes, from left to right. Red line indicates interface between FTO and ZnS thin film. B) 

Corresponding plane-view SEM images of A), C) Relationship between the ZnS thin film 

thickness, determined by the SEM cross-sectional image, and deposition time. Deposition 

condition: [Na3NTA]=0.114 M, [ZnSO4]= 0.01 M, [TAA] = 0.1M at 60⁰C. 

 

Fig 3-9 A shows all cross-sectional SEM images in Fig 3-8 next to each other to show the 

film growth sequence. Fig 3-9 B) is the corresponding plain view image. Fig. 3-9 C) shows the 

thin film thickness as a function of deposition time determined by the SEM cross-sectional 

images. This result follows the same trend as the QCM results. The initial growth rate calculated 

by average of the first 8 minutes is around 1.5 μm/hr. After 20 minutes, the growth is terminated. 
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Fig. 3-10. Schematic diagram describing the probable steps of ZnS thin film growth mechanism. 

A) Nanoparticles forming in the solution. B) Some particles attached to the substrate as seed. C) 

The attached particle continue to grow into small half balls. D) The half balls keep grow and 

connected into islands. E) All islands connected to form a thin film. F) The thin film grow 

thicker. 
7
 

 

Fig 3-10 shows a schematic diagram describing the probable steps in the growth 

mechanism of ZnS thin film on top of FTO glass. As can be seen in the TEM study below, the 

nanoparticles formed in the solution very early on as depicted in Fig. 3-10 A). Some of the 

nanoparticles attached to the substrate as in Fig. 3-10 B). Those attached particles continue to 

grow into half balls, islands and eventually a continuous film, shown in Fig. 3-10 C-F). In the 

same time, the particles in the solution grow bigger as time progresses. This particle formation 

will be discussed with a TEM study in section 3.5.2.2.2. 

3.5.2.1.2 Varying [Na3NTA] Concentration Study 
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In this section, the concentration of Na3NTA was varied between 0.028 to 0.288 M to 

study it’s influence on the growth rate and morphology of ZnS thin film on FTO glass. Fig. 3-11 

A) shows the plain view SEM images of ZnS thin films deposited with different Na3NTA 

concentration ( 0.028 M – 0.288 M) and different deposition time( 20, 40 and 60 minutes) where 

[ZnSO4]= 0.01 M, [TAA] = 0.1M at 60⁰C. With Na3NTA concentration less then 0.114 M, all 

three depositions generated a continuous film. From Fig. 3-11 B) we can see when Na3NTA 

concentration equals to 0.114 M it reaches the peak thickness in 20 minutes. 
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Fig.3-11. A) Plain view of ZnS thin film with [Na3NTA] varying from 0.028 M to 0.228 M for 

20, 40 and 60 minutes where [ZnSO4]= 0.01 M, [TAA] = 0.1M at 60⁰C. B) Corresponding ZnS 

thin film thickness changes as function of Na3NTA concentration. C) Zn/S ratio vs Na3NTA 

concentration change for samples after 60 minutes. 

Fig. 3-11 B) shows ZnS thin film thickness measured by SEM, as a function of Na3NTA 

concentration at different deposition times. Since both homogenous and heterogeneous reactions 

are happening at the same time, the concentration of Na3NTA decrease from 0.228 M will cause 

the concentration of Zn
2-

 to increase and that will cause both homogenous reaction and 

heterogonous reactions to increase resulting in overall increase of the film thickness. At some 
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point, when the Zn
2-

 concentration gets too high, and the homogenous reaction becomes too fast, 

final film thickness will stop increasing or even start decreasing. In our study, this transition 

seems to happen when the concentration of NA3NTA is between 0.05 M and 0.114 M.  

We used EDX to measure the elemental composition of the ZnS thin films. Fig. 3-11 C) 

shows the atomic ratio of Zn and S. The EDX analysis indicates that the atomic ratio of Zn/S is 

close to 1:1 stoichiometry. A Zn/S ratio slightly higher than one suggests the possible existence 

of Zn(O,OH) in the thin films.  
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Fig.3-12.  A) EDX result and B) Elemental composition ratio of a sample deposited under the 

following condition. [ZnSO4]= 0.01 M , [TAA] = 0.1 M and [Na3NTA] = 0.171 M at 60 ⁰ C for 

60 minutes. 

A) 
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Fig. 3-12 Shows the EDX spectrum of a ZnS thin film deposited under the condition of 

[ZnSO4]= 0.01 M , [TAA] = 0.1 M and [Na3NTA] = 0.171 M at 60 ⁰ C for 60 minutes. In this 

case the ratio of Zn/S is 1.12. This is comparable to other results reported by B. Asenjo et al. 
10

. 

They reported a Zn/S ratio from 0.8 to 1.2 of the ZnS thin film deposited using ZnSO4 and TAA 

in an acidic environment.  

3.5.2.1.3 Varying TAA Concentration Study 

 
In this section, the concentration of TAA was varied between 0.025 to 0.2 M to study it’s 

influence on the growth rate and morphology of ZnS thin film on FTO glass. Fig. 3-13 A) shows 

the plain view SEM images of ZnS thin films deposited with different TAA concentrations 

(0.025 M – 0.2 M) and different deposition time (20, 40 and 60 minutes) where [ZnSO4] = 0.01 

M, [Na3NTA] = 0.114 M at 60 ⁰C.  We can see a continuous thin film with [TAA]= 0.1 M and 

0.2 M. 
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Fig.3-13. A) Plain view of ZnS thin film with [TAA] varying from 0.025 M to 0.2 M for 20, 40 

and 60 minutes where [Na3NTA] = 0.114 M, [TAA] = 0.1M at 60⁰C. B) ZnS thin film thickness 

as a function of TAA concentration C) Zn/S ratio vs TAA concentration.  

Fig. 3-13 B shows ZnS thin film thickness measured by SEM, as a function of TAA 

concentration at different deposition times. There are no thickness data for [TAA]= 0.025 M and 

0.05 M at 20 minutes because the deposition is very difficult to detect, as we can see from the 

plain view picture. By increasing the concentration of TAA, more S
2-

 will be increase by 
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hydrolysis of TAA, which will cause both the homogenous reaction and heterogonous reaction to 

increase. The increase in total thickness will stop once there are too many particles in the 

solution. In our study, this transition seems to happen when the concentration of TAA is between 

0.05 M and 0.1 M.  

  Fig. 3-13 C shows that Zn/S ratio maintained to ~ 1.1 stayed pretty much the same. 

Again the range of the Zn/S ratio is consistent with other studies.
8,9,11,12,13,14,15

 

3.5.2.1.4 Varying ZnSO4 Concentration Study 

 

In this section, the concentration of ZnSO4 was varied between 0.006 to 0.1 M to study 

its influence on the growth rate and morphology of ZnS thin film on FTO glass. Fig. 3-14 A) 

shows the plain view images of ZnS thin films deposited with different ZnSO4 concentration 

(0.006 M – 0.1 M) and different deposition time (20, 40 and 60 minutes) where [TAA]= 0.1 M, 

[Na3NTA] = 0.114 M at 60⁰C.  We can see continuous thin film formation with [ZnSO4]= 0.01 

M after 20 minutes of deposition, it takes [ZnSO4]= 0.008 M more than 40 minutes to reach a 

continuous film. 



52 
 

 

 

 

Fig.-14.A) Plan view of ZnS thin film with [ZnSO4 ] concentration varying from 0.006 M to 0.01 

M where [TAA]= 0.01 M, [Na3NTA] = 0.114 M. B) 20 minutes, 40 minutes CBD and 60 

minutes CBD. C) Zn/S ratio vs ZnSO4 concentration change. 

Fig. 3-14 B) shows ZnS thin film thickness, measured by SEM, as a function of ZnSO4 

concentration at different deposition times. As with the decrease of NA3NTA discussed above, 

increasing concentration of ZnSO4 will cause the concentration of Zn
2-

 to increase that will cause 
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both homogenous and heterogeneous reactions to increase. The overall thickness of the thin film 

will increase.  

Fig. 3-10 C), 3-12 C) and 3-14 C) shows the Zn/S ratio were maintained to the range of 1 

~1.1 throughout this study. 

3.5.2.2 TEM  
FIB is a useful tool to cut an ultra-thin slice of a thin film sample so that TEM can 

be used to investigate the thin film nanostructure, composition and crystal structure. TEM 

provides a much higher spatial resolution than SEM. We can use TEM to study the 

composition of the particles formed in the solution and the structure of the thin film. 

3.5.2.2.1 FIB sample of the ZnS thin film. 
A FIB lift was performed on an as-deposited ZnS thin film, deposited under the 

following conditions: [ZnSO4] = 0.01 M [TAA] = 0.01 M, [Na3NTA] = 0.114 M at 60 
0
C 

for 60 minutes, to provide a cross-sectional TEM analysis. The TEM image is given in 

Fig. 3-15 A). The image clearly shows a dense, uniform ZnS thin film that is 0.35𝝁m 

thick, marked ZnS, on top of the FTO thin film on top of the glass. There are also rounded 

ZnS balls sitting on top of the film stacks, which is formed in the solution and then 

attached on top of the film. The gap between the ZnS ball and the ZnS thin film was 

caused by the film separation during the process of thinning the sample. Carbon (C), Tin 

(Sn) and Platinum (Pt) were deposited on top of the film before the FIB process to 

provide support to the sample. Fig. 3-15 to Fig. 3-18 shows various results from the TEM 

analysis of this FIB lifted sample. 
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Fig.3-15. A) FIB-liftout STEM image of the ZnS thin film on top of FTO glass.  B) Element 

mapping of the particle on top of the ZnS thin film. C) A line scan of the area marked by the 

yellow diagnol rectangle in  Fig 3-15 B).  D) Diffraction pattern of the ZnS ball.  Sample 

prepared at [Na3NTA]=0.114 M, [ZnSO4]= 0.01 M, [TAA] = 0.1M at 60⁰C for 60 minutes, same 

sample as in Fig 3-8 l).  

Fig. 3-15 B) shows the element mapping across the ZnS ball, about 0.82𝝁m in 

diameter, on Fig. 3-15 A). The line scan, Fig. 3-15 C), clearly indicates the composition is 

Zn and S, and the ratio is very close to the stoichiometric. The oxygen content is about 

10% across the entire line scan area. Fig. 3-15 D) Shows the diffraction pattern of the ZnS 

ball area. The lattice distance of 3.27 nm and 1.67 nm is in agreement with cubic ZnS 

(1,1,1) and (3,1,1) directions. 
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Fig.3-16. A) FIB-liftout STEM image of the ZnS thin film on top of FTO glass.  B) HRTEM 

image of the FIB liftout in the ZnS thin film area on top of the FTO. C) Diffraction pattern of 3-

16 B) shows lattice distance of 0.324 nm and 0.172 nm is in agreement with cubic ZnS (1,1,1) 

and (3,1,1) directions. 

Fig. 3-16 B) shows an HRTEM image of the ZnS thin film on top of the FTO in 

Fig 3-15 A). Fig.3-16 C) shows the diffraction pattern of 3-16 B). The observed d-spacing 

values of the lattice plane of synthesized ZnS thin film, 0.324 nm and 0.172 nm, agree 

with the reference diffraction data, JCPDS-ICDD card no. for cubic ZnS which indicated 

d = 0.312 nm(111),  0.27nm (200), 0.191 nm (220) and 0.163 nm(311)  for cubic ZnS. 
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The diffraction pattern forming a ring clearly shows the thin film has a polycrystalline 

structure. 

3.5.2.2.2 TEM image of the particles in the solution  
 

Since we did not observe any thin film deposition for the first 2 minutes from the SEM 

imaging, TEM imaging is used to investigate the reaction in the solution for the first couple of 

minutes. Samples of CBD solution were collected on carbon lased nickel grid for 1, 2 and 4 

minutes after CBD started for TEM analysis, deposited under the following condition: [ZnSO4] = 

0.01 M [TAA] = 0.01 M, [Na3NTA] = 0.114 M at 60 
0
C. The 4 minutes sample was used to 

perform EDX as the particles in 1 and 2 minutes samples are too small.  
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Fig.3-17. A) TEM image of the liquid sample collected 1 minute after CBD started. B) FFT of 

the yellow square area in A).  C) TEM image of the liquid sample collected 2 minute after CBD 

started. D) FFT of the yellow square area in A).   

As we can see from Fig. 3-17 A) there are nanoparticles forming after 1 minute of 

reaction. The size of the nanoparticle in this picture is about 5-6 nm in diameter. Fig. 3-17 B) is 

the FFT of the yellow square in Fig. 17 A). Fig 3-17 C) shows the TEM image of the sample 

taken 2 minutes after the CBD starts. The nanoparticle is about 10-15 nm in diameter. Fig 3-17 

D) is the FFT of the yellow square in C). The observed d-spacing values of the lattice plane of 

0.16 nm and 0.27 nm, which is in agreement with JCPDS-ICDD card no. 77-2100 for ZnS 

crystal. 

 



58 
 

 

 

 

 

Fig.3-18. TEM image of particles collected using a Ni grid at 4 minute after CBD starts. A) 

Image of the particles, B) EDX element map of Zn and S combined, C) Element map for S, D) 

Element map for Zn, E) EDX result. Deposition condition: [ZnSO4] = 0.01 M [TAA]= 0.1 M, 

[Na3NTA] = 0.114 M at 60
0
C. C) and D) were contrast enhanced by ImageJ. 
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A sample of the solution was taken at 4 minutes after the CBD started and was placed on 

a Ni grid for HRTEM investigation. This TEM image shows the S, Fig. 3-18 C), and Zn, Fig 3-

18 D), element in the corresponding position as particles showed on the image, Fig. 3-20 A). Fig. 

3-18 E) shows the EDX spectra of this sample. We can see there are S and Zn peaks. We also see 

the Ni peak, which comes from the grid. We can conclude that the ZnS nanoparticles formed 

very early on in the CBD process. 

As we can see from SEM images in Fig. 3-8 A-L), the thin film is an aggregation of 

spherical particles. Once the ZnS seeds are attached to the substrate, ZnS grown around the seed 

and become large particles. From Fig. 3-18, we can see small ZnS particles form in the solution, 

due to homogeneous nucleation. So we can conclude that the growth mechanism of the ZnS thin 

film in our system is more likely a cluster-by-cluster process of nanosized ZnS particles 

aggregation. 

 

3.5.2.3 UV-Vis 

The transmission spectra of the ZnS thin films prepared from the solutions are 

shown in Fig. 3-19 A). The (αhγ)
2
 versus hγ curves of as-deposited ZnS film, where α 

represents the absorption coefficient and hγ photon energy. The estimated band gap is 

about 3.55 eV which is very close to reported 3.54 eV for cubic ZnS. Fig. 19 B) is a 

picture of FTO glass with ZnS deposit on top. ZnS thin film deposition conditions: 

[Na3NTA]= 0.114M, [ZnSO4]= 0.01 M, [TAA] = 0.1M. Fig 3-21 B) shows a picture with 
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two FTO glass on top of a printed logo. The FTO with ZnS thin film caused some 

fuzziness because of the scattering effect of the thin film. 

 

 

Fig.3-19. A) A representative plot of (𝜶Ephoton)
2
 vs Ephoton. Bandgap Eg are obtained by 

extrapolation to 𝜶 = 0. B) A picture of a ZnS thin film deposited on top of FTO glass. Left FTO 

glass with ZnS thin film, right FTO glass without ZnS thin film.  

3.5.2.4 X-Ray Diffraction 

Fig. 3-20 presents the XRD patterns of as-deposited and annealed CBD zinc 

sulfide thin films on FTO glass substrates. ZnS thin film deposition conditions: [Na3NTA] 

= 0.114M, [ZnSO4]= 0.01 M, [TAA] = 0.1M at 60 °C. 

A) B) 
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Fig.3-20. ZnS thin film on top of FTO. [Na3NTA]= 0.114M, [ZnSO4]= 0.01 M, [TAA] = 0.1M. 

As we can see in Fig. 3-20 the as-deposited ZnS thin film has both ZnS peaks and 

FTO peaks and corresponded very well with the PDF 790043 and PDF 461088 

respectively. ZnS peak is a wide peak indicating that the ZnS crystalline is very small in 

size. 

3.6 Mechanism Study 

In this study, the main routing to synthesize ZnS thin film is through the reaction 

between Zn
2+

 and S
2-

 as below: 

Zn
2+

  + S
2-

  ↔ ZnS                                                                              (3.3) 
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The main challenge is to control the quality of the ZnS film and the growth rate. 

Hence, a detailed study of the growth mechanism of ZnS thin film is required. In this 

study, the main Zn
2+

 is from ZnSO4, as described in the reaction 3.4 

 ZnSO4↔Zn
2+

+SO4
2-

                   (3.4) 

The Zn
2+

 will simply be generated by dissolving ZnSO4 water. However, a high 

concentration of Zn
2+

 will cause a rapid precipitation reaction in water solution, which 

will inhibit the heterogeneous reaction and the formation of the film on the substrate. To 

control the release of Zn
2+

 and maintain a relatively low concentration of Zn
2+

 and low 

reaction rate, Na3NTA was added to the solution, which will form complexes with Zn
2+

. 

In this way, most of Zn
2+

 will exist in the form of ZnNTA
1- 

and the concentration of Zn
2+

 

is kept low. When the free Zn
2+

  consumed, the Zn
2+

 will be immediately supplied from 

ZnNTA
1-

 . As a result, the concentration of Zn
2+

 is kept low and stable. The reactions 

involved in this process are described as below:
16

 

Zn
2+

+NTA
3-

↔ZnNTA
1-

                              (3.5)                          

ZnNTA
1-

 ↔ Zn
2+

 + NTA
3-

                      (3.6) 

Also, the concentration of the Zn
2+

 can be estimated by using the equilibrium 

constant of the species as below.
17

 

 ksp,Na3NTA = 2 × 10−11�mol�L−1 = [ Zn
2+

][NTA
3-

]/[ ZnNTA
1-

 ]                  (3.7) 
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From the equation 3.7, the value of equilibrium constant indicates that the 

concentration of Zn
2+

 is very low. So we can assume that the concentration of ZnNTA- is 

the same as the ZnSO4 we add, since most of Zn
2+

 combines with NTA
3-

 to form 

complexes.  

The source of the S
2-

 is by hydrolysis reaction of thioacetamide in water
18

, which is 

shown below: 

CS3CSNH2 +OH
-
 -> CH3CSO

-
 +NH3    (3.8 a) 

CH3CSO
-
 +OH

-
 -> CH3COO

-
 + HS

- 
           (3.8 b)      

 The consumption rate of TAA was estimated by Equation 3.9 since reaction 3.8 b 

the domain of TAA reaction rate
18

. 

𝑑[𝑇𝐴𝐴]
𝑑𝑡
⁄ = �−𝐾𝑇𝐴𝐴[𝑇𝐴𝐴][𝑂𝐻

−]     (3.9)      

Where kTAA = 0.001819 L
2
 mol

-2
 min

-1
 at 60℃. 

 

In our case, we can fix the pH as 10.5, since it does not change as the reaction 

proceeds. Hence the concentration of OH
-
 is estimated as  2.94×10

-3
 M since the ionization 

constant Kw of H2O at 60 ℃ is equal to 9.311×10
-14

. By combining the concentration of OH
-
, the 

reaction rate constant, the initial concentration of TAA and Equation 3.9, the concentration of 

TAA with time is estimated as: 

[𝑇𝐴𝐴(𝑡)] = [𝑇𝐴𝐴]0 ∗ �𝑒
−𝑘1∗�[𝑂𝐻]

−∗𝑡 = [𝑇𝐴𝐴]0 ∗ �𝑒
−0.001819∗�0.00294𝑡         (3.10)      
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The concentration of TAA will be used to further estimate the growth rate of the 

ZnS film. 

In aqueous solution, most of the sulphur ion will be in the form of HS
-
, this is due to the 

equilibrium of the two species: 
6
   

HS− + OH− �⇌ � S2− +�H2O,��������ksp,HS− =
[S2−]

[HS−][OH−]
    (3.11) 

  

Balance of sulfide species at time t can be expressed as: 

 

[𝑇𝐴𝐴]0 − [𝑇𝐴𝐴]𝑡 = [𝐻𝑆−] + [𝑆2−]      (3.12) 

Combining eq. (3.12) and (3.11) and (3.10) resulting in:  

 

[TAA]0 ∗ (1 −�e
−kTAA∗�[OH

−]∗t) = � [HS]− + [S2−] =
[S2−]

ksp,HS−[𝑂𝐻−]
+ [S2−]�   (3.13) 

Or 

[S2−]t =� [TAA]0 ∗ (1 −�e
−kTAA∗�[OH

−]∗t) (
1

ksp,HS−][𝑂𝐻
−]
+ 1)⁄    (3.14) 

 
Supersaturation for sparingly-soluble electrolytes defined as

19
 

 

Assuming that ∆Ho and ∆So 
20 

are constant over the temperature range, we can use the 

Van 't Hoff equation (3.15) to approximately obtain the values of Ksp,ZnS,
21

 and ksp,HS− at 60 ℃ 

as 8.4 × 10−24 and 1.45× 10−1 respectively. 
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ln Ksp =
−∆Ho

RT
+

∆So

R
                              (3.15)                                                                                

𝑆 = ��� (
[𝑍𝑛2+][𝑆2−]

𝐾𝑠𝑝
)
1/2

        (3.16) 

 

Fig. 3-21 below shows the value of supersaturation, S, varies with time assuming 

that no precipitation occurs. 

 

 

Fig.3-21. Calculated supersaturation from equation 3.16. 

As shown in the SEM image of Figure 3-9 A) and B), the growth of ZnS thin film was 

initiated during the three-minute and four-minute deposition, which means the precursors’ 

concentration reached the critical supersaturation during this time and therefore triggered the 

film precipitation. From Figure 3-21, the corresponding critical supersaturation for the film 

deposition is around 13. Comparing with the value 8.5 in Celikkaya and Akinc’s article,
20

 our 
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value is slightly higher since our film deposition on the foreign surface has lower efficiency of 

ion collision compared to the formation of ZnS particles in solution. TEM images in Figure 3-17 

shown that the ZnS particles had already formed in the liquid collected at the first minute, even 

though no thin film had been detected on substrates. The particle formation corresponded to a 

supersaturation 7.24 which is close to the value of Celikkaya and Akinc’s article.
20 

Based on this supersaturation number, the critical size rc can be estimated as 13.8 nm by 

Equation 2-31 as follows:  

𝑟𝑐 =�
2𝛾𝜈

𝑘𝑇𝑙𝑛(𝑆)⁄         ����������� 

where ν is molecular volume (3.95 × 10−29m3), γ is the interfacial tension of ZnS (1.67 

J m
-2

), k is Boltzmann constant (1.38 × 10−23�J�K−1), T is temperature (K) and S is the 

supersaturation. 

 

The diffusion coefficient of ZnS particles can be calculated from
22

: 

𝐷 =
𝑘𝑇

6𝜋𝜂𝑟
          (3.17) 

Where k is Boltzmann constant, T is the temperature, 𝝶 is the viscosity and r is the 

radius of the particle. The diffusion coefficient of ZnS particle having a diameter of 13.8 

nm at 60 degree C is 1.21 x 10
-11

 m
2
/s. 
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3.7 Conclusion  

 
In this chapter, ZnS thin films grown using ZnSO4, TAA and Na3NTA has been 

studied. Film growth kinetics and optical characteristics were analyzed. The TEM and 

SEM study show that the growth mechanism is a two-step process with the formation of 

the nuclei in the solution first, attachment to the surface, followed by aggregation of 

nanoparticles into half spheres on the surface of the substrate and finally half spheres 

connect to the neighbor half spheres, thereby forming a film. The SEM study shows the 

film growth started with nuclei of ZnS particles attached to the substrate and grow into 

islands than islands connected to each other to form a thin film. TEM and XRD data show 

the ZnS crystal to be cubic and its composition very close to stoichiometric ratio with 

very low oxygen concentration. The UV-Vis result indicates the band gap is 3.55 ev for 

the ZnS thin film deposited with [Na3NTA]= 0.114M, [ZnSO4]= 0.01 M, [TAA] = 0.1M 

at 60 
0
C. 

The mechanism study, verified by the SEM images, shows that nucleation starts 

very early in the CBD process. The degree of supersaturation influences the growth rate 

and final surface morphology.  

Temperature-dependent growth rate in the linear growth region follows the 

Arrhenius equation  and we have calculated an activation energy (Ea) of about 36 KJ/mol. 

This value, which is considered low (less than 40 kJ/mol), indicates that the rate limiting 

step is physical step such as adsorption or diffusion, rather than chemical, which usually 
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tend to have higher activation energies
6
. In our study, the chemical bath is rigorously 

stirred so that the rate-limiting step is more likely the adsorption-controlled mechanism. 

The QCM study shows the reaction rate is influenced by temperature, 

concentration of reagents and the pH value. The initial growth rate is given approximately 

by the following empirical equation:  

 𝑅𝑎𝑡𝑒�𝑜𝑓�𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐾
[𝑍𝑛𝑆𝑂4]

0.74[𝑇𝐴𝐴]0.49[𝑂𝐻−]0.477

[𝑁𝑎3𝑁𝑇𝐴]0.17
��   (3.17) 

Where K =3.5 x 10
7
 [μm5.62 ∙ mol−1.54 ∙ hr−1] at deposition temperature of 60 ºC. 

The study of ZnS thin film growth is in line with the result of the QCM study. In 

which an increase of ZnSO4, TAA concentration, pH and decrease of Na3NTA 

concentration will increase the reaction rate within the studied range.  
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Chapter 4 Microreactor-Assisted Solution Deposition and COMSOL 

Simulation aided flow cell design and 3D printing. 

4.1 Introduction 

 

CBD has many advantages, it also suffered from some draw backs.  One of the main 

drawback been the high volume to surface ratio leads to a lot of waste generated. Recently, we 

have developed a continuous flow micro reactor to overcome the drawback of a typical batch 

CBD process.
1,2

 . Wayne 
3
 reported using a deflected cover for a 6 inch by 6 inch flow cell to 

deposit uniform CdS thin film.  In this study, we intend to use an existing parallel plate flow cell 

and use a 3D printed insert to improve the ZnS thin film uniformity and optimize on the material 

usage. We use COMSOL to simulate laminar flow and particle tracing to decide optimal insert 

geometry.  Also, we use COMSOL to simulate laminar flow, transport of diluted species and 

surface absorption to understand the geometry’s influence on the uniformity of the thin film. 

 

4.2 Experimental 
 

 Display glass substrate measuring 1in by 3 in were used for deposition study. The 

substrate was cleaned according to standard acetone, methanol and DI water (AMD) procedure. 

They were dried under a stream of nitrogen gas before use. Then a very thin SnO2 layer was 

grown on the substrate using spray pyrolysis
4
. 
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The continuous flow micro reactor is consisted of two peristaltic pumps (REGLO Digital, 

Ismatec), a T mixer and a slit interdigital micromixer (Institut fur Mikrotechnik, Mainz, 

Germany). They are connected by the Polyether ether ketone (PEEK) tubes (1/16 in. OD, 0.03 in. 

ID from Upchurch Scientific) as shown in Fig 4-1 A). Fig 4-1 B) is a picture of the set up. Pump 

1 is used to pump both precursors into the interdigital mixer at a speed of 1.45 ml/min. Pump 2 

was used to pump DI water at a speed of 1.45 ml/min. The flow cell is designed in house, as 

shown in Fig 4-2 A). The final concentration of each reactant in the chemical bath deposition is: 

[ZnSO4] = 0.032 M, tri-sodium nitrilotriacetic acid [Na3NTA] = 0.32 M and thioacetamide 

[TAA] = 0.1 M. In the continuous flow process, stream A consists of 0.064 M of ZnSO4, 0.64 M 

of Na3NTA. Stream B consists of 0.2 M TAA. The resulting mixture, from the micromixer, was 

then passed through the flow cell.  

Fig. 4-1 C) is a picture of the flow cell with one inlet and one outlet. In the center of the 

top cover, there is a one inch by three inches’ sample holder, as shown in Fig. 4-1 D). The main 

chamber, where the mixed reactant flow, is about 0.2 inches tall. There are two holes below the 

main chamber where hot water flow through to heat the entire reactor. The flow cell was heated 

to the reaction temperature of 55⁰C by a water cycling system (VWR). We calculated the 

Reynolds number in the tube to be 141 and in the reactor to be 0.03, we can use the laminar flow 

for this simulation. For each deposition, DI water was pumped into the flow cell first, then the 

mixed precursor was pumped into the flow cell for the desired time, mostly 20 minutes, then DI 

water was pumped for 10 minutes before being stopped. 
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Fig. 4-1. A) Schematic diagram of the flow cell set up for ZnS thin film growth. B) A picture of 

the experimental set up.C) A picture of the flow cell. D) Top cover with sample holder cut out. 

E) A picture of the slit interdigital micromixer and F) SEM image of the mixing unit. 
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4.3 Computational Fluid Dynamics (CFD) 

 

Pan, et al.
5
 divide a flow chamber into N imaginary rectangular channels in the same 

length and different width in the analytical model to analyze the relationship between pressure 

drop and flow distribution using Hagen-Poiseuille Equation of rectangular channels.  For 

an incompressible and Newtonian fluid in laminar flow, the relationship between pressure drop 

∆P and flow rate Q through rectangular channel is: 

∆𝑃 =
32𝜇𝐿𝑉

𝐷𝐻
2 �          (4.1) 

𝑉 =
∆𝑃

32𝜇
·
𝐷𝐻

2

𝐿
�          (4.2) 

Where 𝝁 is dynamic viscosity of the fluid, L is the stream path length, V is velocity and 

DH (4.2) is hydraulic diameter,  

𝐷𝐻 =�
2𝑊𝐻

(𝑊+𝐻)
          (4.3) 

W and H are the width and height of the imaginary channel respectively.  

In our parallel plate flow cell, we can identify 3 different stream path at the original 

parallel flow cell in Fig. 4.3. where (L1>L2>L3>L4) from inlet to the outlet of the flow cell with 

equal pressure drop.  
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Fig. 4-2. The geometry used in the COMSOL simulation for the flow cell. A) Parallel plate flow 

cell. B) Flow cell with cut out.  

Fig. 4.2 shows the geometry used for the COMSOL simulation. The width, in the X 

direction, is 1 inch. The total length, in the Y direction, is 4.5 inches and the height, in the Z 

direction, is 0.2 inch. The distance between Inlet and Outlet is 4 inches. The distance between 

front and end is 3 inches. The substrate is 1 inch by 3 inch placed between front and end on top 

of this flow cell facing down, not shown. Fig 4.3 Shows a velocity stream line of the result of a 

COMSOL simulation of the parallel plate flow cell. We identified four different flow length.  

 

Fig. 4-3 Top view of the velocity stream line from COMSOL simulation of the parallel plate 

flow cell. 
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To keep velocity constant, we need to change DH  for each stream path so that  

𝐷𝐻1
2

𝐿1
=

𝐷𝐻2
2

𝐿2
=

𝐷𝐻3
2

𝐿3
=

𝐷𝐻4
2

𝐿4
       (4.4) 

According to equation (4.3) we can only change height (H) of the flow cell to change the 

hydraulic diameter (DH ). Different imaginal channel width (Wi) were used to calculate channel 

height (Hi) and a COMSOL Multiphysics 5.0 has been used to simulation the laminar flow and 

particle trace to determine what is the optimal height profile for the flow cell. The curved surface 

was approximated by a cut out of a cylinder as shown in Fig. 4.4 and Fig 4.5. 

A three-dimensional computational model established by the COMSOL Multiphysics 5.0 

has been applied to illustrate the twenty-minute deposition process of ZnS in the flow cell (Fig. 

4-4). By using the curvature obtained from previous simulation, the parabolic flow pattern on the 

x axis was diminished as the flow in the middle was hindered by a relative narrow channel, 

which finally results in a uniform deposition of ZnS on the inner wall of the top cover of the flow 

cell after 20 minutes. The curvature surface in the model is created by cutting off the overlap 

area of a cylinder and the flow cell as described in Fig. 4-5.  

 

Fig. 4-4. The 3D model of flow cell built in the COMSOL Multiphysics 5.0. 



79 
 

 

 

Fig. 4-5. The creation of curvature surface in computational model 

The ZnS deposition was initiated when the ZnS precursors were pumped into the flow 

cell at a flow at 1.45 ml/min. The surface diffusion and the reaction rate was described by the 

diffusion equation coupled to the chemical reaction of ZnS on the surface (Equation 4.5-4.7). 

∂c𝑠

∂t
+ ∇ ∙ (−𝐷𝑠∇𝑐𝑠) = 𝑟𝑎𝑑𝑠 − 𝑟𝑑𝑒𝑠  =  -R         (4.5) 

𝑟𝑎𝑑𝑠 = 𝑘𝑎𝑑𝑠𝑐(Γ𝑠 − 𝑐𝑠)                      (4.6) 

𝑟𝑑𝑒𝑠 = 𝑘𝑑𝑒𝑠𝑐𝑠                             (4.7) 

Where 𝑐𝑠 is surface concentration of ZnS in 𝑚𝑜𝑙 𝑚2⁄ , Γ𝑠 is the total surface concentration 

of active site (the inner wall of our flow cell), 𝐷𝑠 is surface diffusivity, 𝑘𝑎𝑑𝑠 (𝑚
3 (𝑚𝑜𝑙 ∙ 𝑠)⁄ ) and 

𝑘𝑑𝑒𝑠�(𝑙 𝑠⁄ )  are the rate constant for the adsorption and desorption reaction respectively on the 

active surface.  

Since the surface reaction is a dynamic process whose concentration also depends on the 

concentration of the bulk species c, the mass balance equation in the bulk should be introduced 
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as one of the boundary conditions (Equation 4.8), where the velocity u is the result of the laminar 

flow and D is the diffusivity of the reacting species.  

∂c

∂t
+ ∇ ∙ (−𝐷∇𝑐 + 𝑐𝒖) = 0         (4.8) 

𝐧 ∙ (−𝐷𝑠∇𝑐𝑠) = 0                (4.9) 

𝑐𝑠 = 0                          (4.10) 

𝜌(�̅� ∙ 𝛻)�̅� = 𝛻 ∙ [−𝑝 + 𝜇(𝛻�̅� + (𝛻�̅�)𝑇)], 𝜌𝛻 ∙ �̅� = 0     (4.11) 

𝒏 ∙ (−𝐷∇𝑐 + 𝑐𝒖) = 𝑟𝑎𝑑𝑠 − 𝑟𝑑𝑒𝑠                        (4.12) 

Combined with the boundary condition in the equation 4.9, the initial condition (equation 

4.10), and the full Navier-Stokes equation (4.11) coupled to the convection-diffusion equation 

(4.12), the incompressible microfluidic flow profile and the deposition process in the flow cell 

has been iteratively solved. The concentration sketch and velocity contour under different 

condition and flow cell structures have been recorded. 

Here we use a simplified reaction kinetic using one artificial specie ZnS. 

𝑟𝑎𝑡𝑒�𝑜𝑓�𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐾[𝑍𝑛𝑆] 

The thickness growth rate of ZnS from Chapter 3 is 1.5 μm/hr.  

We can obtain the growth volume rate is 4.17 x 10 
-10

 m
3
/(m

2
·s). The density of ZnS is 

4.09 g/cm
3 

(4.09 x 10 
6
 g/m

3
). The mass growth rate is 0.0017 g/(s·m

2
) which means the rate of 

reaction for ZnS  is 1.75 x10
-5

(mol/(s.m
2
)).  
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For the concentration of [ZnS] we choose the concentration of 
[𝑇𝐴𝐴]0[𝑍𝑛𝑆𝑂4]0

[𝑁𝑎3𝑁𝑇𝐴]0
 where 

[TAA]= 0.1 M, [ZnSO4] = 0.01 M and [Na3NTA] = 0.114 M,  which is 0.0877 M (mol/L) = 

8.77 (mol/m
3
). 

Here we can calculate K =1.75 x10
-5 

/8.77
 
=2 x 10

-6
 (m/s). 

The diffusion coefficient of ZnS particles can be calculated from the small particle 

equation
6
.   

𝐷 =
𝑘𝑇

6𝜋𝜂𝑟
          (3.21) 

Where k is Boltzmann constant, T is the temperature, 𝝶 is the viscosity and r is the radius 

of the particle. The diffusion coefficient of ZnS particle having a diameter of 16 nm at 60⁰ 

C is 1.29 x 10
-11

 m
2
/s. 

Patil, et al 
7 

reported Zn
2+

 ion diffusivity to be in the range of 1.0 – 1.2 x 10
-9

 m
2
/s at 25⁰ C. We 

select to use 1 x 10
-9

 m
2
/s as diffusity for our simulation. 

4.4 3D printing 

 

A stereo lithography 3D printer is used to fabricate the substrate holder. The X-Y 

resolution is 250 DPI (~100 µm) and the minimum layer thickness is 25 µm. Acrylic-based 

photopolymer ink from MakerJuice provides a similar mechanical property of ABS engineering 

plastic. Fig. 4.6 shows a picture of the 3D printed inserts. 
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Fig. 4-6 A picture of the 3D printed inserts. 

4.5 Result and Discussion 

 

4.5.1 Calculation of the channel height. 

 

Based on equation (4.3) and (4.4) we can vary the imaginary channel width (Wi) and 

calculate the corresponding channel height (Hi) as shown in Fig.4.7 then come up with different 

radius for the cutout cylinder as shown in Fig. 4.5. 
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Fig. 4-7. Showing imaginary channel of calculated height for a given width with the cut out. 

 

 

COMSOL simulation of laminar flow and particle tracing was used to simulate the flow 

distribution. Various channel width (Wi) were evaluated and Wi=0.2 inch was selected due to the 

overall lower standard deviation. Table 4-1 shows the calculated standard deviation for Wi=0.12, 

0.15, 0.2, 0.25 and 0.5 inches. The uniformity of the velocity is measured by the standard 

deviation of velocity of all the particles along the moving front, as illustrated by Fig. 4.8 A) and 

Fig 4.9 A).  Fig.4.8 B,C,D) and Fig 4.9 B,C,D) shows velocity distribution of the particles along 

the moving front at 40 second B),180  second C) and 300 second D) after the particles were 

released.  The 40 seconds, 180 seconds and 300 seconds was selected as it corresponds to the 

time when the particles cross the begin, the middle and the end line as presented in Fig. 4-2. 



84 
 

 

 

Fig. 4-8 A) Particle distribution of the parallel plate flow cell. B,C,D)  Velocity distribution of 

the particles along the moving front at 40,180 and 300 second after the particles were released. 

.  

 



85 
 

 

Fig. 4-9 A) Particle distribution of the flow cell with cutout radius of 2.31 inch. B,C,D)  Velocity 

distribution of the particles along the moving front at 40,180 and 300 second after the particles 

were released. 

Table 4-1 Standard deviation of the particles in various imaginal channel width Wi and the 

corresponding equivalent cutout radious. 

 

 

  Table 4.1 shows the standard deviation of velocity for various Wi and it’s corresponding 

cutout radius at 40, 180 and 300 seconds after the particles were released. We found Wi = 0.2 

inch has the best overall velocity uniformity.  Cutout radius of 2.31 inches was selected for 

further study in the next section. 

4.5.2  3D COMSOL Model 

 

Two 3D COMSOL simulation model was created. One with parallel plate and the 

other one with cut out radius of 2.31 inches as shown in Fig. 4.2 A) and B) respectively.  

Fig. 4.10 and Fig. 4.11 shows the simulation result of the ZnS thin film thickness 

at begin, middle and end of the substrate. Table 4.2 and 4.3 shows the average film 

thickness and standard deviation of the thin film produced by flow cell with parallel plate 

and flow cell with cut out. It shows the thin film produced by the flow cell with cut out is 

Radius(in) Wi(in) 40 sec 180 sec 300 sec

Parallal 

Plate 6.31% 7.03% 7.65%

3.83 0.5 4.73% 4.14% 3.88%

2.88 0.25 3.65% 4.22% 3.70%

2.31 0.2 4.50% 4.16% 3.30%

1.9 0.15 4.11% 5.79% 4.98%

1.66 0.12 4.67% 7.38% 6.22%
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more uniform, as measured by % deviation, then the thin film produced by parallel plate 

flow cell. 

 

Fig. 4-10 ZnS film thickness at begin, middle and end of the substrate produced by 

parallel plate flow cell simulation. 

 

Table 4-2Table 4.2. Average film thickness and standard deviation of the film thickness 

between x = 0.1 to 0.9 inches produced by parallel plate flow cell. 
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Fig. 4-11 ZnS film thickness at begin, middle and end of the substrate produced by flow 

cell with 2.31 inches cut out radius simulation. 

 

Table 4-3. Average film thickness and standard deviation of the film thickness between x 

= 0.1 to 0.9 inches produced by the flow cell with cut out. 

 

Fig. 4.12 A, B) shows the concentration contour at 0.005 inch from the substrate for the 

parallel plate flow cell and flow cell with cut out respectively.  The concentration contour 
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reached steady state after 700 second. Due to the lower concentration toward the end of the 

substrate, the tail end of the substrate is a lot  thinner than the thin film at the begin of the 

substrate. As will be shown in the next section, the thin film at the end of the substrate is not a 

continuous film. The concentration contour for parallel plate is in parabolic pattern while the 

concentration contour for the flow cell with cut out is almost square. This is the main reason 

the thin film deposited using flow cell with cut out is more uniform. 

 

 

Fig. 4-12 Concentration contour at different time at 0.05 inch from the substrate surface. A) 

Parallel plate flow cell. B) Flow cell with cut out. 



89 
 

 

4.5.3 SEM  

 

At the center of Fig. 4.13 is a photograph of an as deposited ZnS film on top of the 

display glass using parallel plate flow cell. It shows clearly the parabolic pattern in the 

photograph. The plan view SEM images shows uniform and continuous thin film from A-

E). Toward the tail end of the substrate small cracks start to show up, F and G). As we 

can see in Fig. 4.13 H) the ZnS thin film is not a continuous film due to the lower 

concentration of the reactant as shown in Fig 4.12 A). This is in agreement with the result 

of chapter 3, lower concentration of the reactant and shorter deposition time leads to non-

continuous ZnS thin film. 

 

Fig. 4-13. Plan view SEM image of ZnS thin film produced by parallel plate flow cell.  

 

Fig. 4.14 shows cross section view of the same sample as Fig. 4.13. The film thickness 

decreases slowly from begin of the sample toward the end of the sample. 
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Fig. 4-14. Crosssection SEM image of ZnS thin film produced by parallel plate flow cell.  

Fig. 4-15 A) is a photograph of an as deposited ZnS film on top of the display glass using 

parallel plate flow cell. The sample was break at 4 different position and cross sectional SEM 

image and thickness measurement was taken in these position to study the uniformity and the 

thickness of the thin film. Fig. 15 B) is the average thickness of the ZnS thin film measured by 

SEM cross sectional images. It is thicker at the beginning and thinner toward the end. Fig. 4-15 

C-F) are the film thickness of the thin film at each position across the X direction. It shows 

slightly thicker in the center than on the edge. 
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Fig. 4-15. A) A picture of as deposit ZnS thin film on the display glass using parallel plate flow 

cell. B) Film thickness of the ZnS film on each cut position. C) –F) Thickness of the ZnS thin 

film in the cut position. 

Blasius’s solution for the overall boundary layer thickness on a flat plate in a laminar 

flow can be expressed as equation (4-13) 

𝛿� ≈ 5.0√
𝜈𝑥

𝑢0
                          (4-13) 

The overall boundary layer thickness (δ)  is inversely proportional to the square root of 

external flow velocity (u0). The higher velocity flow in the centre of the flow cell leads to the 

thinner boundary layer, which leads to shorter diffusion length. As can be seen in Fig. 12 A) the 

centre portion of the flow cell has higher concentration than the edge, which leads to thicker 

film on the centre than the edge. 

At the center of Fig. 4.16 is a photograph of an as deposited ZnS film on top of the 

display glass using flow cell with 3D printed insert. The plan view SEM images shows uniform 
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and continuous thin film from A-B). In the middle, there are some line not completely covered 

by the thin film C,D,E and F). As we can see in Fig. 4.16 G,H) the ZnS thin film is not a 

continuous film due to the lower concentration of the reactant as shown in Fig 4.12 B). This is in 

agreement with the result of chapter 3, lower concentration of the reactant and shorter deposition 

time leads to non-continuous ZnS thin film. 

 

 

Fig. 4-16. Plan view SEM image of ZnS thin film produced by flow cell with 3D printed insert. 
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Fig. 4.17 shows cross section view of the same sample as Fig. 4.16. The film thickness 

decreases slowly from begin of the sample toward the end of the sample.

 

Fig. 4-17.  Crosssection SEM image of ZnS thin film produced by flow cell with 3D printed 

insert. 
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Fig. 4-18. A) A picture of as deposit ZnS thin film on the display glass using the flow cell with 

cut out radius equal 2.31 inch. B) Film thickness of the ZnS film on each cut position. C) –F) 

Thickness of the ZnS thin film in the cut position. 

Fig. 4-18 A) is a photograph of an as deposited ZnS film on top of the display glass using 

flow cell with 3D printed insert. The sample had breaks at 4 different position and cross sectional 

SEM image and thickness measurement was taken in these position to study the uniformity and 

the thickness of the thin film. Fig. 4-18 B) is the average thickness of the ZnS thin film measured 

by SEM cross sectional images. It is thicker at the beginning and thinner toward the end. Fig. 4-

18 C-F) are the film thickness of the thin film at each position across the X direction. It shows 

the film is more uniform compared to the film produced by the parallel plate flow cell. 
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To calculate the standard deviation of the film thickness at each cut line, we can see in 

Table 4-4 that the thin film produced with 3D printed insert has better uniformity. 

Table 4-4. Film thickness and standard deviation of the film thickness produced by parallel plate 

flow cell and flow cell with 3D printed inert. 

 

 

4.6 Conclusion 

The continuous flow micro reactor was used to deposit ZnS thin film on a display glass of 

1 inch wide by 3 inches long. Hagen-Poiseuille Law was applied to calculate proper height for 

the imaginary channel. COMSOL simulation of laminar flow and particle trace was used to find 

an optimized cut out radius for further study. 

COMSOL simulation of laminar flow, transport of diluted species and surface reaction 

was used to study the film thickness and solution concentration in the liquid very close to the 

substrate surface. 

A 3D printed insert to mimic the cut out radius of 2.31 inches was created and put in the 

flow cell to deposit ZnS thin film. 
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ZnS thin film with and without the 3D printed insert was examined using SEM. The 

result from the SEM image indicated the thickness uniformity was improved with the 3D printed 

insert. We found toward the end of the substrate, the ZnS thin film was not continuous due to the 

lower solution concentration and less deposition time, which is in agreement with the result from 

Chapter 3. 
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Chapter 5 Future Work 

 

5.1 The need to have a new flow cell design 

 

The main reason for the uneven flow path is due to the fact we have one inlet and one outlet as 

shown in Fig. 5-1. 

 

Fig. 5-1. Flow path for one inlet one outlet flow cell. 

 

5.1.1 New Flow Cell Design 

 

Here we propose a 4 inlet and 4 outlet flow cell, as shown in Fig. 5-2, and investigate its 

character via COMSOL simulation. All parameters and physics used here are the same as we 

used in chapter 4, so we will not repeat them here.  
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Fig 5.2 A) shows the top view for the flow cell, where Point A and Point B are the 

location we will have COMSOL’s domain point probe placed to study the concentration at that 

location. Fig 5.2 B) and C) shows the 4 inlets and 4 outlets, respectively.  

 

Fig. 5-2. Flow cell design with 4 inlets and 4 outlets A) Top View B) 4 inlets and C) 4 outlets. 

 

5.1.2 Result and Discussion 

 

5.1.2.1 Simulation result of 1 inlet 1 outlet flow cell. 

 

Here we present the result of the one inlet one outlet from chapter 4 for comparison. 
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Fig. 5-3 Simulation result of 1 inlet 1 outlet flow cell. A) Top view of the thickness on the 

substrate. B) Cross section thickness of the thin film at the begin, middle and end location. 

 

Table 5-1 list the calculation results for x values between 0.1(in) and 0.9(in). The results 

show a significant variation of the film thickness. 

Table 5-1 Average thickness, standard deviation and % standard deviation of the thin film 

produced by 1 inlet 1 outlet flow cell. 

   

Fig 5-4 shows the concentration profile at point A and point B of the flow cell. As we can 

see, it stays at high concentration for about the same duration. The concentration at point B is 

lower than point A that is why the thin film is thinner near the outlet of the flow cell.  

Begin Middle End

Average Thickness 182.94 104.75 72.27

Standard Deviation 20.18 6.91 7.12

% Deviation 11.03% 6.60% 9.86%
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Fig. 5-4 Simulation result of the 1 inlet 1 out let flow cell. A) Top view of the flow cell. B) 

Concentration profile over time at point A and B. C) Inlet concentration and flow rate. 

 

5.1.2.2 Simulation result of 4 inlet 4 outlet flow cell. 

 

Fig. 5-5 shows the simulation result of 4 inlet 4 out flow cell. As can be seen from the 

cross sectional view Fig. 5-5 B), the film thickness is a lot flatter. And Table 5-2 Average 

thickness, standard deviation and % standard deviation of the thin film produced by flow cell 

with 4 inlets and 4 outlets.shows the % deviation is a lot lower than the % deviation in Table 5-1 



102 
 

 

 

 

Fig. 5-5. Simulation result of flow cell with 4 inlets and 4 outlets. A) Top view of the thickness 

on the substrate. B) Cross section thickness of the thin film at the begin, middle and end location. 

 

Table 5-2 Average thickness, standard deviation and % standard deviation of the thin film 

produced by flow cell with 4 inlets and 4 outlets. 

  

 

Begin Middle End

Average Thickness 176.03 124.95 90.14

Standard Deviation 2.92 6.69 7.72

% Deviation 1.66% 5.35% 8.57%
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Fig. 5-6 Simulation result of the 4 inlet 4 out let flow cell. A) Top vie of the flow cell. B) 

Concentration profile over time at point A and B. C) Inlet concentration and flow rate. 

From Fig. Fig. 5-3 and Fig. 5-5, the COMSOL simulation result shows that the 4 inlet 4 

outlet flow cell can produce thin film with less thickness deviation as compared to one inlet one 

outlet flow cell. And we do not need to have the cut out to force the flow pattern to change as we 

need to do in chapter 4. 

 

5.1.2.3 Simulation results of 4-inlet, 4-outlet flow cell with varying flow rates. 

 

While the design of 4 inlets and 4 outlets improve the uniformity of the film thickness 

alone the X axis, there is still a large variation of the film thickness in the Y axis. As we can see 

in Fig. 5-6, there is a delay in the concentration change between point A and point B. The length 

of the delay is proportional to the distance between the two points and inversely proportional to 

the flow rate. If we can make delay at the leading edge smaller, we can make the deposition time 

in point B longer than point A, thereby the film thickness at point B become thicker than the film 
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thickness at point A. Here we derived a scheme by changing the pump speed and varying the 

concentration, we were able to produce thin film where the beginning of the substrate has 

thinnest film and the ending of the substrate has the thickest film. 

Fig. 5-7 shows the result of increasing the pumping speed, at the start of the simulation, 

to 8 times the speed of the previous simulation for 60 seconds, then slow the pumping speed 

down to the regular speed, while changing the inlet from mixed chemical to DI water. This way 

the tail end of the substrate is subject to the mixed chemical a lot longer than the head end.  

 

Fig. 5-7. Simulation results of flow cell with 4 inlets and 4 outlets. A) Top view of the thickness 

on the substrate. B) Cross section thickness of the thin film at the begin, middle and end location. 

In Fig. 5-7 B) we can see the film is the thickest at the end and thinnest at the beginning. 

This would be a good complement to regular deposition, where the film is thicker at the 

beginning and thinner toward the end. 
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Table 5-3 Average thickness, standard deviation and % standard deviation of the thin film 

produced by flow cell with 4 inlets and 4 outlets. 

 

As can be seen in Fig. 5-8 B), the delay at the leading edge is eliminated by the higher 

flow rate while the delay at the trailing edge is maintained the same as previous simulation. This 

is why we can deposit the thin film thicker at the tail end. 

 

 

Fig. 5-8 Simulation result of the 4 inlet 4 out let flow cell. A) Top vie of the flow cell. B) 

Concentration profile over time at point A and B. C) Inlet concentration and flow rate. 
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5.2. ZnS thin film in Solar Cell Application 

 

One of the main concern of solar cell production is to reduce production cost so its 

use can compete with other energy source such as oil and gas. Thin film solar has the 

potential of reduce production cost due to its low material usage and easy fabrication process. 

Using solution process to produce absorber layer can be an attractive option compared to 

vacuum processing technique. CuZnSnSSe (CZTSSe) is a p-type semiconductor that has the 

potential to replace CIGS as the low cost solar cell. In this chapter, we proposed a multiple 

layer binary precursor approach, namely deposit ZnS, SnS and CuS thin film using simple 

solution based process and selenize the multi-layer precursor to produce CZTSSe absorption 

layer.  

A solar cell absorbs light and convert the photon energy to electric through 

photovoltaic effect. A basic solar structure includes a light absorption material and a p-n 

junction. The light absorption material will absorb the photon and generate electron-hole pair 

and the build-in electric field of the p-n junction will pull it apart and generate electricity. 

Fig. 5-9 show a schematic diagram of a typical crystalline silicon solar cell. Its thickness is 

about 160-240 micrometer. One of the drawback of crystalline solar cell is it uses large 

amount of highly purified silicon feedstock, about 20 kg of silicon ingot is needed to produce 

1kW of solar cell module
1
. Thin film solar cell, like CIGS and CZTS, with typical absorber 

layer of one to two micrometer, is more favorable in material usage for large scale 

installation in the future.  
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Fig. 5-9. A typical structure crystalline silicon solar cell. 

  

Fig. 5-10 A p–n junction in thermal equilibrium with zero-bias voltage applied
2
.  

Fig. 5-10 shows a p-n junction in thermal equilibrium with zero bias voltage applied. 

Electron and hole concentration are shown in blue and red lines, respectively. Gray regions are 

charge-neutral. Light-red zone is positively charged. Light-blue zone is negatively charged. The 

electric field is shown on the bottom, the electrostatic force on electrons and holes and the 

direction in which the diffusion tends to move electrons and holes.
 
In the p-type region, hole is 

the majority carrier, while in the n-type region electron is the majority carrier. At the p-n 
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junction, electrons and holes diffuse to the other side of the junction and leave behind charged 

donors and acceptors site, thus form the space charged region or depletion region. This space 

charge formed a built-in electric field, which provided one of the main function of the solar cell, 

to separate the electron-hole pair when a photon was absorbed.   

Fig. 5-11 A) show charge density as a function of location with respect to the junction, 

where x < 0 is p-type region and x>0 is n-type region. Fig. 5-11 B) shows electric field of this p-

n junction. Negative electric field means the field is pointing toward p-type region or the n-type 

region has higher electric potential than the p-type region. Fig. 5-11C) shows electric potential, 

where voltage is arbitrarily set to zero on the far end of the p-side. Fig. 5-11 D) shows the energy 

band diagram. Ev stands for valence band and Ec stands for conduction band energy level. Ei is 

the middle of the band gap for intrinsic material, e.g. un-doped silicon.  

The difference of the energy level between conduction band and valance band is the 

bandgap (Eg). Bandgap determines the minimal photon energy needed for the semiconductor 

material to absorb the photon and generate an electron hole pair. For a typical crystalline Si solar 

cell, the band gap is 1.1 eV. For CIGSSe solar cell, the bandgap can range from 1.04 ~1.76 eV 

and is influenced by the ratio of In/Ge and the ratio of S/Se in the CIGSSe layer
3
. For CZTSSe 

solar cell bandgap reported in the literature range from 0.94 ~ 1.51 eV.
4-10
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Fig. 5-11 A) charge density, B) electric field C) electric potential D) Energy band diagram. 

 

0

2

4

6

8

10

12

14

16

18

20

0 100 200 300 400 500 600 700

C
u

rr
en

t 
D

en
es

it
y(

m
A

/C
m

2 )
 

Voltage(mV) 

I-V curve of a typical solar cell 

Jp 

Vp Voc 

Jsc 



110 
 

 

Fig. 5-12. A typical I-V curve of a solar cell when illuminated. 

Fig. 5-12 shows a typical solar cell I-V curve when it is illuminated. By looking into the 

equivalent circuit of the solar cell, as depicted in Fig. 5-13, we can look into how we can 

improve the device. Where IL is the constant current source, Rs is the series resistance, Rsh is the 

shunt resistance, ID is the ideal diode current and ISH is shunt current. 

 

Fig. 5-13 Equivalent circuit of a solar cell. 

The fill factor, FF, is an important measurement of the quality of solar cell. It is defined 

as: 

𝐹𝐹 = 𝑉𝑝𝐽𝑝�/𝑉𝑜𝑐𝐽𝑠𝑐          (5.1) 

Where Vp and Jp is the voltage and the current density when the power is at its maximum. Voc is 

open circuit voltage and Jsc is the short circuit current density.  To increase FF, we need to 

increase Rsh and decrease Rs. 

Solar cell’s efficiency is defined as: 

𝜂 = 𝑉𝑝𝐽𝑝�/𝑃𝑖𝑛          (5.2) 
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For a high efficient solar cell, we need to have high short circuit current density, high 

open circuit voltage and high fill factor.  

In order to obtain high short circuit current, we need to have high illumination current 

and high shunt resistance and low series resistance. Illumination current is related to band gap 

and quantum efficiency. Once the material is selected, there is not much one can do to improve 

it. The shunt resistance is related to the quality of the thin film. Any pinhole will increase the 

leakage current and as a result low shunt resistance. Series resistance is related to grain size, 

grain boundaries and quality of the front and back contact. A large grain size reduces the grain 

boundary leads to lower series resistance. 

5.3. Fabrication methods of solar cells. 

 

CZTS solar cell structure is the same as the CIGS solar cell, except the absorption layer is 

made of different materials. Hence researchers are using the processes developed for CIGS solar 

cell and apply them to the fabrication of CZTSSe solar cell. Each process has achieved different 

degree of success. There are a lot of different process used to produce CZTS solar cell. The 

following is a very brief example of these processes. 

5.3.1 Vacuum based process 

 

5.3.1.1 Co-Evaporation 
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Stacked elemental layers of Cu/Sn/Zn (Zn at the bottom of the stack) was deposited on 

Mo coated SLM glass followed by sulfurization at 500 C with 5% H2S resulted in 2.62% 

efficiency cells.
11

  

While 4 source co-evaporation create the highest efficient CIGS solar cell, using co-

evaporation process for CZTSSe solar cell has achieved limited success. Recent work on co-

evaporated Cu2ZnSnS4 at IBM
12

 resulted in 6.8% total area efficiency. 

Fig. 5-14 shows a schematic diagram of a typical setup co-evaporation system. The 

substrate can be rotated to increase uniformity. Substrate temperature can be raised to a desire 

temperature to increase crystallinity. All for element source can be individually heated to control 

the flux of each element. 

 

Fig. 5-14 A schematic diagram of a four source co-evaporation system. 
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5.3.1.2 Sputtering  

 

Co-evaporation system is very good in laboratory set up but it is difficult to achieve 

uniformity in large area. Both RF sputtering and CD magnetron sputtering attempted.  Using RF-

co-sputtering of Cu and binary ZnS and SnS target, a 5.74% efficiency solar cell was achieved 

by K. Jimbo et al. 
13

. Chawla et. al. used co-sputtering of ZnS and CuS target, followed by 

annealing in a SnS and/or S2 gas atmosphere, exhibiting an efficiency as high as over 8% 

CZTSSe solar cells.
14

 Son, et al used RF/DC sputtering to create stacked precursor Cu/SnS/ZnS 

layers on Mo-glass and they produced 8.03% efficiency CZTSSe solar cell. Yang, et al. 
16

from 

the same group use sputtered stacked metal precursor Cu/Sn/Zn on top of the Mo coated on soda 

lime glass. By using two step annealing process and varying SeS2/Se ratio in the graphite box in 

a Ar-filled rapid thermal processing chamber, they were able to produce a champion cell of 12.3 

%. 

 

5.3.2 Non-Vacuum process 

 

5.3.2.1 Electrodeposition 

 

Electrodeposition is a well-established process for large area application.  J.J. Scragg et 

al, developed a Zn/Cu/Sn/Cu stacks yielded an efficiency of 3.2%.
17

Co-electrodeposition of Cu-
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Zn-Sn from a choline-based bath, followed by sulfurization
18

 and a single step co-

electrodeposition of Cu-Zn-Sn-S has also been demonstrated. 
19

  

 

 

5.3.2.2 Spray pyrolysis 

 

N. Nakayama et al, used CuCl, ZnCl2, SnCl4 and thiourea dissolved in DI water and 

ethanol (50%) as precursor. The precursor was spray-deposited on glass substrate, at temperature 

between 280-360⁰C, followed by annealing at 550⁰C in an Ar flow containing H2S to obtain 

CZTS thin film.
20

  

5.3.2.3 Ink – based  

 

K. Tanaka et. al., used Copper (II) acetate monohydrate, zinc (II) acetate dihydrate and 

tin (II) chloride dihydrate as metal source and 2-methoxyethanol and monoethanolamine were 

used as the solvent and the stabilizer, respectively. The solution was spin coated on soda lime 

glass substrates and dried at 300⁰C followed by sulfurized at 500⁰C in a hydrogen sulfide-

containing atmosphere. The X-ray diffraction peaks of the annealed thin film corresponded to the 

single phase CZTS. The chemical composition of the films was almost stoichiometric and the 

band gap energy was 1:49 eV at room temperature. 
21

 No solar cells were made in this study. 

Until now, the highest efficient CZTSSe solar cells (12.6%) are produced by a solution-

based process, where hydrazine is used for dissolving the precursors.
22

 However, hydrazine is a 

very toxic and explosive solvent, therefore it requires the alternative solution-based approach. 
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5.4. CZTSSe solar cell structure 

 
Fig. 5-15 is a schematic diagram of a thin film CZTSSe solar cell.  Mo was sputtered on 

the glass substrate first. A CZTS pre cursor been deposited on top of the Mo film. Then CdS was 

grow on top of the CZTSSe layer by CBD. Then a high impedance intrinsic ZnO was sputtered 

on top of CdS, then the low impedance Al doped ZnO (ZnO:Al) was sputtered on top of ZnO. 

Then a metal collector, Aluminum or gold, grid is sputtered on top to create front contact. 

Due to the Mo layer is susceptible to both acidic and alkaline solution process, we are 

proposing to use FTO coated glass. FTO coated glass is very resistive to the acidic and alkaline 

environment. We select the inverse structure to build the CZTSSe solar cell.  
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Fig. 5-15 A typical CZTSSe solar cell scheme. 

 

Fig. 5-16 shows a schematic diagram of an inverted structure thin film CZTSSe solar cell.  

A CZTS absorber layer along with a CdS window layer were deposited on top of the FTO glass. 

Then Mo was sputtered on top of the CZTSSe layer. In an inverted structure solar cell, light in 

coming from the glass side. 

 

 
Fig. 5-16. An inverted structure CZTSSe solar cell. 

 

5.5. Experimental 
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In this study, we intend to use three layers of binary precursors, namely CuS/SnS/ZnS, to 

produce CZTS materials as the light absorber for the solar cell. Son, et al used RF/DC sputtering 

to create stacked precursor Cu/SnS/ZnS layers on Mo-glass and they produced 8.03% efficiency 

CZTSSe solar cell.
15

 This indicates stacked precursor layers could be a feasible approach to 

produce CZTSSe absorber layer. The following section discusses the details of each deposition 

procedure. 

 

5.5.1 Deposition of CdS layer 

 

A commercial Fluorine doped Tin Oxide (FTO) Glass (Hartford Glass Co., Inc. TEC 15, 

2.2 mm) was employed as the substrate.  

A thin layer of CdS was deposited on top of the FTO glass. Reagent grade Cadmium 

Sulfate (CdSO4·8/3H2O, 99.996% from Alfa Aesar), Thiuorea ( ACS CH4N2S 99.0% from 

Sigma-Aldrich)  and Ammonium Hydroxide (28.0-32.0% from Macron Chemical ) was used 

without further processing. A concentration of 0.01 M CdSO4·8/3H2O and 0.56 M thiourea were 

separately prepared with assistance of sonicator. A 100ml beaker which was filled with 37.5ml 

DI water, 9.8ml 28%-30% ammonia solution, and freshly prepared 10 ml CdSO4 and 10 ml 

thiourea solutions was added to it. The beaker was modestly stirred by magnetic bar and put into 

water bath where temperature was kept at 65˚C-70˚C for 6 min. After the samples were dried 

out, they were annealed at 200˚C in air for 1 minute. This procedure will deposit a CdS thin film 

of about 50 nm.
23

  

5.5.2 Deposition of ZnS layer 



118 
 

 

 

ZnS thin film was firstly deposited by CBD on top of the CdS/FTO glass as 

described in chapter 3 with 0.01 M ZnSO4, 0.1 M TAA and 0.114 M Na3NTA at 60⁰ C 

for 20 minutes twice to obtain desired thickness of ZnS thin film.  

 

 

 

5.5.3 Deposition of SnS layer 

 

SnS layer was deposited using successive reactive spin coating. Stannous Chloride 

dehydrate (SnCl2.2H2O, from Macron Fine Chemical) and Ammonium Sulfide solution (20 wt % 

in water from SAFC supply solutions ) was used without further processing. 

To estimate the film thickness after each spin coating cycle, sixty cycles of stannous 

chloride (SnCl2.2H2O 0.1 M ), and ammonium sulfide((NH4)2S 0.1M) was alternately spin 

coated (2500 rpm , 30 seconds) to form SnS thin film on top of a gold coated glass to study the 

thickness of every deposition cycle. SEM was used to investigate the average deposit thickness 

of each spin cycle.  

 

5.5.4 Deposition of CuS layer 

 

Cupper sulfide layer was deposited using successive reactive spin coating. Sodium 

Sulfide nonahydrate (Na2S.9H2O ACS grade from EMD Millipore Corporation), Cupric Chloride 

( CuCl2.2H2O 99.0% from Sigma) was used without further processing.  
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5.5.5 Selenization  

 

The stacked CuS/SnS/ZnS/CdS/FTO glass was selenized at 550 ⁰C for 30-50 minutes in a 

graphite box. 

 

5.5.6 Film Characterization 

Scanning electron microscopy (SEM) coupled with the energy dispersive spectroscopy 

(EDS) (Quanta 600 FEG) was used to study the morphology, thickness and uniformity of the 

CuS/SnS/ZnS films. X-ray diffraction (XRD) spectra and was collected using a Bruker D8 

Discover Diffractometer. Witec Confocal Raman with a 514nm laser was used to collect the 

Raman spectra. Sheet resistance was measured using Keithley 2400-C SourceMeter connected to 

a Signatone four-point probe mounting stand with SP4 four point probe. 

 

5.6 Result and discussion 

 

5.6.1 SEM  

Fig. 5-17 to Fig. 5-19 show a typical substrate with CdS, ZnS, SnS and CuS deposited on top 

of a FTO glass.  Fig. 5-20 shows an element map of Zn, Sn, Cu and S. As we can see Sn have 

two distinct layers, one been the FTO and the other one been the SnS. 
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Fig. 5-17 SEM image of ZnS thin film on top of the FTO glass. A) top view, B) cross-sectional 

view. 

 

 

  

Fig. 5-18 SEM image of SnS thin film on top of the ZnS layer. A) top view. B) cross-sectional 

view. 

 

Fig. 5-18 shows a SEM cross section of eighty cycle of SnS on top of the ZnS film 

deposited in section 5.5.2 Here ZnS is 540 nm thick while SnS is 600 nm thick. 

FTO 

ZnS 

SnS 

FTO 

ZnS 

A) B) 

A) B) 
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Fig. 5-19. SEM image of CuS thin film on top of the SnS/ZnS thin film. A) top view, B) cross-

sectional view. 

 

 

 

Fig. 5-20. Element mapping of the CuS/SnS/ZnS/FTO glass before selenization. A )Zn                       

B) Sn  C) Cu  D) S 
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Fig. 5-21. SEM image after selenization at 550⁰C for A) 30 minutes. B) 40 minutes. C) 50 

minutes, D) 60 minutes. 

 

Fig. 5-21 Shows the top view of the CZTS thin film after selenized at 550⁰C for 30-60 

minutes. As we can see the grain size is growing bigger as the selenization time grows longer.  
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Fig. 5-22. SEM cross section image after selenization at 550⁰C for A) 30 minutes. B) 40 

minutes. C) 50 minutes, D) 60 minutes. 

 

Fig. 5-22 shows the crystal size are big enough that there is no grain boundary across the 

entire thickness. The longer selenization time produces larger grain CZTSSe crystal. 

5.6.2 XRD  

 

 

Fig. 5-23 shows XRD spectra after each deposition process and the reference PDF for 

ZnS and SnO. As deposited ZnS shows broad peak, indicates small ZnS grain size. There is no 

apparent peak for SnS and CuS, the material for SnS and CuS is probably amorphous.  



124 
 

 

 

Fig. 5-23. XRD spectrum of as deposited CuS/SnS/ZnS/CdS/FTO and FTO glass. 

 

Fig. 5-24. XRD spectra after selenization at 450⁰C for 60-120 minutes.  

Fig. 5-24 show XRD spectra after selenization at 450⁰C. It clearly shows CZTSe peaks. It 

also shows a secondary phase of CuSe2. That could be because we have excess CuS on top of the 

stack. So it formed CuSe2 on top of the film. 
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5.6.3 Raman 

 

  

Fig. 5-25. Raman spectra after A) selenization at 550 C for 30 minutes. B) sulfization at 450 C 

for 60 minutes. The Raman spectra was taken using 625 nm laser excitation. 

Fig. 5-25 shows a Raman spectrum of the CZTSe after selenization at 550⁰C for 30 minutes. We 

can clearly identify the three peaks corresponding to the CZTSe thin film. 5.6.4 FTO glass 

sheet resistance 
 

Sheet resistance of the FTO glass was measured to have changed from 3Ω/□ to 23.9 

KΩ/□ after heated to 550 ⁰C. This caused a problem and prevent us from completing the 

fabrication of the solar cell. 

5.7 Conclusion 
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We were able to produce CZTSSe solar cell absorber layer based on the proposed 

process. However, due to the significant increase of FTO layer’s sheet resistance after 

selenization, we were not able to produce a functional solar cell. We should look for FTO glass 

that can maintain low sheet resistance after high temperature process.  For example, T.L. Chu et 

al.
24

 use TFO glass to produce CdS/CdTe solar cell, their process include heating the substrate to 

580 – 620 ⁰C.   
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Chapter 6 CONCLUSIONS  

In this work, ZnS thin film were prepared and characterized by using two different 

deposition processes. The first one is the conventional chemical bath deposition (CBD) method 

implemented in a batch reactor.  The growth kinetics of ZnS thin film deposition was studied 

using in-situ, quartz crystal microbalance (QCM), measurement and ex-situ, TEM and SEM, 

measurements. The film growth kinetics was studied by varying various reactant concentrations, 

pH values and solution temperature.  An empirical rate equation was obtained from the in-situ 

QCM data. TEM and SEM investigations on ZnS deposited on the substrate surface and the 

particles formed in the solutions suggested that the ZnS film growth follows a mechanism with 

the formation of the nuclei in the solution first. The nuclei then attached  to the surface, followed 

by the deposition of nanoparticles into ZnS islands with a half spherical shape sitting on top of 

the substrate surface. Finally, the half spherical ZnS islands connected to neighboring islands and 

formed a continuous film. The mechanism study, verified by the SEM images, shows that 

nucleation starts very early in the CBD process. The film growth rate and its surface morphology 

depends strongly on  the degree of supersaturation.  

A flow cell was designed, fabricated and assembled as a continuous flow micro reactor-

assisted solution deposition system to study ZnS thin film deposition processes.  Hagen-

Poiseuille Law was applied to determine the proper height for the channel along with COMSOL 

simulation to find an optimized cut out radius.  A 3D printed insert to mimic the cut out radius of 

2.31 inches was created and put in the flow cell to deposit ZnS thin film. 

COMSOL simulation of laminar flow, transport of diluted species and surface reaction 
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was used to study the film thickness and solution concentration in the liquid very close to the 

substrate surface. 

Deposition of ZnS thin films with and without the 3D printed insert was carried out and 

compared. The results from the SEM characterizations indicated that the film thickness 

uniformity was improved with the 3D printed insert. We found that near the end of the substrate 

along the flow direction, the deposited ZnS was not continuous due to the lower solution 

concentration caused by the depletion of reactants.  

A new flow cell design and new strategies to implement the deposition was proposed and 

verified using COMSOL simulations to examine the effectiveness of the new flow cell and 

deposition strategies. 

To demonstrate the utility of the ZnS thin films by solution-based processes, SnS and 

CuS thin films were deposited on top of the ZnS thin film to form SnS/CuS/ZnS layered 

precursor film then followed by selenziation at various temperatures in an attempt to produce 

CZTSSe absorber layers for CZTSSe thin film solar cells.  

 

 

 


