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Abstract 

During the synthesis of well arrayed nano/micro structures through wet chemical 

methods, plenty of parameters are usually involved. Consequently, it is extremely time- 

and cost-consuming to find out the optimized synthesis conditions by using the 

conventional "changing one separate factor at a time" (COST) strategy. Instead, the 

"statistical experimental design" method has been proven in a few works to be an 

efficient method for experiments involving many parameters.  With this method, the 

responses could be optimized efficiently by using only a few experiments. Besides, 

several responses can be optimized simultaneously. Also, models could be built up and 

the changing tendency can be plotted to predict the required experimental settings for 

specific tasks. 

Two types of well arrayed structures including monolayer arrays of silica spheres and 

vertically aligned ZnO rod arrays were investigated in this work. Monolayer arrays of 

silica spheres were synthesized by using a dual-speed spin coating method. With 

assistance of statistical experimental design, the accelerating rate, the second rotation 

speed and time of the dual-speed spin coating system were found as non-significant 

parameters to the ordering degree of the obtained monolayer, and thus they can be fixed. 

This finding could remarkably increase the feasibility of optimizing the practical process. 

On the other hand, the relative humidity, the first rotation speed and the suspension 

concentration are identified as the significant parameters to the structures of the 

monolayer. Moreover, the optimal values for these three parameters were identified: 23% 

for the relative humidity, 1000 rpm for the first rotation speed and 30 wt.% for the 

suspension concentration. With these optimized parameters, the area of the obtained 

silica sphere monolayers reached over 1 cm2 and the defect-free domain size reached 

over 4000 µm2. These values are considerably higher compared to the previously reported 

values. 

Vertically aligned ZnO rod arrays were fabricated by chemical bath deposition. 

Parameters including precursor concentration, pH value, reaction temperature, reaction 

time and addition of capping agent were optimized by using statistical experimental 
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design to improve and optimize the growth quality of ZnO rod arrays. Through several 

stages of optimization, the growth quality of the obtained structures was remarkably 

enhanced from sparse or clustered ZnO rods to upright and dense ZnO rods. The 

boundary conditions to achieve vertically aligned ZnO rods, such as a neutral solution 

and a precursor concentration over 0.02M, were determined. The changing tendency of 

the texture coefficient and aspect ratio with the factors was also plotted to predict the 

required experimental settings for specific requests. The points or regions to achieve the 

optimal properties were identified as well. For instance, the concentration should be as 

close as to 0.1 M, while the reaction temperature should be limited to 80-90 ◦C, to 

achieve the ideal preferential growth. With the optimized parameters, the texture 

coefficient reached almost the perfect value 1, and the aspect ratio was elevated to 21. 

Moreover, to obtain a dense ZnO thin film, tri-sodium citrate was added to the reaction 

system. The diameter was systematically controlled through varying the parameters. 

When both the diameter and the texture coefficient reached the optimal values, the rods 

were merged together to form a dense ZnO thin film.  

Furthermore, comments on the statistical experimental method are proposed, and both the 

advantages and disadvantages are presented according to the present thesis work. This 

might help the researchers to avoid the disadvantages and thus to employ this method 

more efficiently in the future.  

Key words: optimization, experimental design, statistical analysis, monolayer arrays of 

silica spheres, vertically aligned ZnO rod arrays 

 

 

 

 

 

 

 

  



 III  

 

Supplements 

The present thesis is based on the following supplements: 

I. Yajuan Cheng, Pär Göran Jönsson, Zhe Zhao. Controllable fabrication of large-area 

2D colloidal crystal masks with large size defect-free domains based on statistical 

experimental design. Applied Surface Science, 313 (2014) 144–151.  

II. Yajuan Cheng, Pär Göran Jönsson, Zhe Zhao. Fabrication of large size defect-free 

domains of 2D colloidal crystal monolayer with assistance of statistical experimental 

design. Manuscript, 2014.  

III. Yajuan Cheng, Jing Wang, Pär Göran Jönsson, Zhe Zhao. Improvement and 

optimization of the growth quality of upright ZnO rod arrays by the response surface 

methodology. Applied Surface Science, 351 (2015) 451–459. 

IV. Yajuan Cheng, Jing Wang, Pär Göran Jönsson, Zhe Zhao. Optimization of high-

quality vertically aligned ZnO rod arrays by the response surface methodology. Journal 

of Alloys and Compounds, 626 (2015) 180–188. 

V. Yajuan Cheng, Pär Göran Jönsson, Zhe Zhao. Optimization of synthesizing upright 

ZnO rod arrays with large diameters through response surface methodology. Manuscript, 

2015. 

 

Contribution Statement 

The contributions by the author to the different supplements of the 
dissertation: 

I. Literature survey, experimental work, data analysis, major part of the writing. 

II. Literature survey, experimental work, data analysis, major part of the writing. 

III. Literature survey, experimental work, data analysis, major part of the writing. 

IV. Literature survey, experimental work, data analysis, major part of the writing. 

V. Literature survey, experimental work, data analysis, major part of the writing. 



 IV  

 

Parts of this work have been presented at the following conference: 

Yajuan Cheng, Pär Göran Jönsson, Zhe Zhao. Controllable fabrication of large size defect-

free domains of 2D colloidal crystal masks guided by statistical experimental design. 16th 

international conference on thin films, Dubrovnik, Croatia, October 13-16, 2014. (Best 

poster presentation) 



 V  

 

Acknowledgements 

First and foremost, I would like to express my deepest gratitude to my two supervisors 

Associate Professor Zhe Zhao and Professor Pär Göran Jönsson. Professor Zhe Zhao is 

greatly appreciated for experiment support, scientific guidance and constructive 

suggestions for my work. I benefited a lot from your tutoring in my research work. 

Professor Pär Göran Jönsson is gratefully acknowledged for the endless support and 

encouragement.  Your constructive comments and fruitful discussion on my work 

improved me a lot. I am also full of gratitude to you for sending me to the 16th 

international conference on thin films, from which I learnt a lot.  

Warm regards should go to my friends and colleagues Jing Wang and Junfu Bu. With 

your valuable discussion on my research work and accompany in daily life, my Ph.D life 

in the past four years was full of fun.  

Dr. Xingmin Liu is acknowledged for his help at the beginning of my research work. 

Appreciations are sent to Dr. Zhifu Liu for his valuable suggestions on my work.  

Many thanks should be addressed to Kjell Jansson and Lars Eriksson in Stockholm 

University for their great help in SEM and XRD characterizations, respectively.  

Professor Sichen Du is sincerely acknowledged for the valuable suggestions on both 

studying and daily life. Your instruction will continue to guide me in my future life. I am 

grateful to Ms. Wenli Long for her great help in my experiments and daily life. I also 

would like to say many thanks to the administration staffs, Dennis Anderson, Eva Werner 

Sundén, Jan Bång (Tosse), for their kind help in my study life.  

Many thanks to my friends: Jiajia Gao, Lei Wang, Wenjie Shen, Ying Yang, Peng Guo, 

Haitong Bai, Peiyuan Ni, Xiaoqing Li, Huijun Wang, Fusheng Li, Wei Liu, Tingting 

Guan and Jennie Svensson. Your nice help and accompany make my life in Sweden 

much easier. Many thanks are addressed to all the group members in the Division of 

Applied Process Metallurgy for your suggestions during our group meetings. Thanks to 

all of my friends in Department of Materials Science and Engineering.  



 VI  

 

China Scholarship Council (CSC) is acknowledged for the financial support during my 

study in KTH.  

Last but not least, my heartfelt thanks go to my husband, Shiyun Xiong, for his selfless, 

endless support and continuous encouragement. He is always there whenever I need him. 

This thesis would not come to be possible without his love and support. I would also like 

to express my deep gratitude to my parents. They always try their best to support me over 

these years. I acknowledge my sister and brother for their love as well. Love and 

encouragement from my family are always the power that keeps me moving forward. 

 

Yajuan Cheng 

Stockholm, August, 2015 

 

 

 

 

 

 

  

 

 

 

 

 

 

 



 VII  

 

Contents 

Abstract ...................................................................................................................................... I 

Supplements ............................................................................................................................. III 

Acknowledgements ................................................................................................................... V 

Nomenclature, Abbreviations and Denotations....................................................................... IX 

Chapter 1: Introduction ............................................................................................................ 1 

1.1 Motivation ........................................................................................................................ 1 

1.2 Objective and framework of the thesis ........................................................................... 2 

Chapter 2: Methodology ........................................................................................................... 5 

2.1 Experimental methods ..................................................................................................... 5 

2.1.1 Pre-treatment of the fabrication ............................................................................... 5 

2.1.2 The synthesis of the well arrayed structures ............................................................ 6 

2.1.3 Characterizations ...................................................................................................... 7 

2.2 Statistical experimental design ........................................................................................ 8 

2.2.1 Experimental design ................................................................................................. 9 

2.2.2 Statistical analysis ................................................................................................... 10 

Chapter 3: Monolayer arrays of silica spheres ....................................................................... 13 

3.1 Background .................................................................................................................... 13 

3.2 The necessity of the hydrophilic substrates .................................................................. 13 

3.3 Screening the spin coating operational parameters ...................................................... 14 

3.4 Optimization of the spin coating parameters ................................................................ 16 

3.5 Further optimization ..................................................................................................... 19 

3.6 Mechanisms of the formation of silica sphere monolayers ........................................... 21 

3.7 The structure of the silica sphere monolayers .............................................................. 23 

3.8 Conclusions .................................................................................................................... 24 

Chapter 4: Vertically aligned ZnO rod arrays ....................................................................... 25 

4.1 Background .................................................................................................................... 25 

4.1.1 ZnO crystal structure ............................................................................................. 25 

4.1.2 Chemical reactions .................................................................................................. 26 

4.1.3 Spatially confined oriented growth......................................................................... 27 

4.2 Determining the boundary conditions .......................................................................... 27 



 VIII  

 

4.2.1 The precursor concentration .................................................................................. 27 

4.2.2 pH value .................................................................................................................. 28 

4.3 Investigating the effect of the factors ............................................................................ 29 

4.3.1 Statistical analysis ................................................................................................... 30 

4.3.2 Typical morphologies .............................................................................................. 32 

4.3.3 Summary ................................................................................................................. 33 

4.4 Further optimizing the properties ................................................................................. 33 

4.4.1 Statistical analysis ................................................................................................... 34 

4.4.2 Structures and morphologies .................................................................................. 36 

4.4.3 Summary ................................................................................................................. 37 

4.5 Coarsening of ZnO rods ................................................................................................ 37 

4.5.1 Statistical analysis ................................................................................................... 38 

4.5.2 Morphologies and structures .................................................................................. 41 

4.5.3 Summary ................................................................................................................. 42 

4.6 Conclusions .................................................................................................................... 43 

Chapter 5: Concluding remarks ............................................................................................. 44 

Chapter 6: Conclusions ........................................................................................................... 46 

6.1 Conclusions of research results ..................................................................................... 46 

6.2 Comments on statistical experimental design method .................................................. 47 

Chapter 7: Future work .......................................................................................................... 49 

Chapter 8: References ............................................................................................................. 50 

 



 IX  

 

Nomenclature, Abbreviations and Denotations 

NR                               nanorods  

COST                          changing one separate factor at a time 

CBD                            chemical bath deposition  

ITO                              indium tin oxide 

HMTA                         hexamethylenetetramine 

HCP                             hexagonal close packed  

SEM                             scanning electron microscope 

XRD                             X-ray diffraction 

TC002                            texture coefficient along (002) direction 

ANOVA                       the analysis of variance  

SS                                 sum of squares 

MS                                mean squares 

MCC                             monolayer colloidal crystals 

VIP                               variable importance in the projection 

RH                                relative humidity 

ar                                   acceleration rate 

va                                  rotation speed during the first stage of spin coating procedure 

ta                                   spinning time during the first stage of spin coating procedure 

vb                                  rotation speed during the second stage of spin coating procedure 

tb                                   spinning time during the second stage of spin coating procedure 

c                                   concentration 

CCF                              central composite face-centered 

Fca                                 capillary force 

Fco                                 convection force 

T                                   reaction temperature 



 X  

 

t                                    reaction time 

R                                  molar ratio of Zn2+ to tri-sodium citrate 

 



   

 

 

 

 

 

 

 

 

 

 

Part I:  Thesis 



   

 

 

 

 

 

 

 

 



1 

 

Chapter 1: Introduction 

1.1 Motivation 

In recent decades, remarkable efforts have been dedicated to the synthesis of well arrayed 

structures, because they can meet the demands of broad high-performance applications. 

For instance, monolayer arrays of colloidal particles can be employed as versatile 

templates in the surface patterning and then provide effective and versatile routes to 

produce functional 2D patterned nanostructures [1-3]; vertically aligned ZnO nanorods 

(NR) arrays are promising candidates for future applications such high-performance as 

solar cells [4, 5], nanogenerators [6, 7], light emitting devices [8, 9], and chemical 

sensors [10, 11]. In these studies, many techniques were used to produce well arrayed 

structures. However, high-cost equipment and high-temperature process were involved in 

these methods, which is cost inefficient and limits the growth on a wide range of possible 

substrates. Alternatively, a wet chemical rout, which is simple, cost-effective and 

compatible with various kinds of substrates, can be employed to synthesize the well-

arrayed structures [12-16]. According to the previous studies, plenty of factors were 

involved in the wet chemical method and different regions of the factors were 

investigated. Moreover, many different mechanisms were proposed [17-20]. So, it is 

difficult to distinguish the most influential factors from the amounts of reports. 

Furthermore, a ‘changing one separate factor at a time’ (COST) strategy was employed in 

most of the reports. In this method, only one independent variable was changed at a time 

while keeping the other factors at a fixed level. By using this approach, numerous 

experiments need to be performed, which is time- and cost-consuming. Besides, the 

interaction between the factors is also be neglected and the optimal settings of factors is 

possible to miss. Therefore, it is essential to find an approach to identify the optimal 

parameters efficiently and to guide the investigation comprehensively and thoroughly. 

Statistical experimental design is a method that is mainly used in agriculture, biology and 

industries where the experiments have a large scale, high cost and long duration [21]. 

With this method, several factors can be varied simultaneously and therefore the number 
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of the experiments can be reduced considerably. However, only a few reports have been 

found to use this method in academic experiments in the past years, especially in the field 

of materials science [22-24]. If this method is used in fabrication of materials and guided 

by the previous reported mechanisms, the experimental work could be significantly 

speeded up. Moreover, with this method, the growth of the structures can be 

systematically controlled to meet the demands of various applications.  

The basic idea of the statistical experimental design strategy is as follows: firstly, the 

involved factors and their regions are determined according to the preliminary laboratory 

results or previously reported results. In this step, the possible factors are all included and 

the corresponding experimental regions should be broad. Secondly, the experimental 

design is set up. After the experiments are implemented, the results are analyzed and the 

most influential parameters are picked up. Meanwhile, the impact of the parameters on 

the response can be determined. Then, an optimization design with the significant factors 

is set up in the third step. During this step, the influence of the significant factors in a 

narrowed-down region is further investigated. Moreover, the changing tendency of the 

response with the selected parameters can be plotted, and the optimized points or regions 

to achieve the ideal results can be identified as well. The overall optimization process 

will be guided by the previous reported mechanisms to ensure the accuracy. In summary, 

by combining the previous reported mechanisms and statistical experimental design, it 

will be more efficient to optimize the growth and to facilitate the practical 

implementation. Furthermore, several responses can be optimized simultaneously to meet 

various applications with different demands.  

1.2 Objective and framework of the thesis 

In this thesis, two types of well arrayed structures were studied, including monolayer 

arrays of silica spheres and vertically aligned ZnO rods. Both of the structures attracted 

considerable attentions due to their extensive applications. The scope and focus of this 

thesis are optimizing the growth of these two types of structures with assistance of 

statistical experimental design. The content is based on the results of five supplements 

and the detailed work in each supplement is schematically illustrated in Fig. 1-1.  
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Fig. 1-1. Overview of the supplement objectives. 

Monolayer arrays of silica spheres have been extensively studied due to their applications 

as versatile templates in surface patterning. Several approaches including dip coating [25], 

Langmuir–Blodgett deposition [26], spin coating [27] and convective assembly [28] were 

reported to synthesize large areas of silica sphere monolayers successfully. However, 

spin coating has been more preferred due to its easy controllability, rapid effectuation and 

compatibility with wafer-scale processes [22, 29]. Various parameters involved in the 

spin coating procedure were reported to affect the structure of the obtained samples [13, 

17, 18, 30, 31]. The goal is to identify the most influential factors and to determine the 

optimal parameters with which large-area monolayers can be achieved. This part is 

discussed in supplements I and II.  

Significant efforts have been made to fabricate vertically aligned ZnO rod arrays due to 

their extensive applications in electronic, optoelectronic and electromechanical 

nanodevices [32-37]. Chemical bath deposition (CBD) method was applied to synthesize 

vertically aligned ZnO rod arrays in this thesis. This is because CBD is a scalable 

technique that can be employed for a large area batch processing or for a continuous 

deposition [38, 39]. Moreover, the process is simple and it yields stable, adherent and 
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uniform films with a good reproducibility. Three parts are included in the investigation of 

vertically aligned ZnO rod arrays. More specifically, in the first part, four parameters 

including the reaction temperature, the reaction time, the precursor concentration, and the 

pH value, were investigated to explore their effect on the growth behavior of ZnO rods. 

This part, included in the supplement III, aims to explore the valid region within which 

the vertically aligned ZnO rods can be obtained, and to improve the growth quality of the 

ZnO rod arrays. The second part is to optimize the parameters in the regions determined 

by the last part to achieve the best performance for specific tasks. The properties 

including the preferentially oriented growth and the aspect ratio are optimized 

simultaneously to meet various demands for different applications. This part is included 

in supplements IV. In the last part, the effect of tri-sodium citrate besides the above 

mentioned factors was investigated. Because tri-sodium citrate suppresses ZnO [0001] 

growth, rods with bigger diameter were obtained.  With optimized parameters, the thick 

rods were fused together and a dense ZnO thin film was obtained. The content of this part 

is included in the supplement V. 

The thesis consists of seven chapters. In the first chapter, the motivation and a brief 

overview of the contents are introduced. Chapter 2 presents the experimental methods 

and the basic knowledge of statistical experimental design. Based on these, Chapter 3 

shows the results and discussion of monolayer arrays of silica spheres which are included 

in supplement I and II. Both the screening and optimization steps are included in this part 

to exemplify the detailed procedure of the statistical experimental design. Chapter 4 

summarizes the results of vertically aligned ZnO rod arrays in the supplement III, IV and 

V with the most important steps. Chapter 5 gives the concluding discussion on all the 

supplements.  In Chapter 6, both the conclusions of research results in this thesis and the 

comments on the statistical experimental method are summarized. At last, some 

suggestions on future work are given in Chapter 7.  
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Chapter 2: Methodology 

In this chapter, the detailed information of the experiments including the synthesis 

method and characterizations are described. Moreover, some basic knowledge is 

introduced to help readers to understand the statistical experimental design strategy.  

2.1 Experimental methods 

2.1.1 Pre-treatment of the fabrication 

Before the fabrication of well arrayed structures, it is necessary to perform some 

pretreatment in order to improve the growth quality. For instance, clean surfaces are 

crucial to the fabrication of well arrayed structures. Chemical contaminants and particles 

on the substrate surface would affect the morphologies and properties of the obtained 

structures. So the substrates should be pre-cleaned before the synthesis of well arrayed 

structures. On the other hand, seed layers are important for the synthesis of ZnO rods by 

wet chemical routes and should be deposited on the substrates in advance. The detailed 

process of the pre-treatment of the substrates and the preparation of the seed layers are 

described as follows:  

The pre-treatment of the substrates 

The preparation of clean substrate surfaces is one of the key steps to synthesize well 

arrayed structures. Two types of cleaning methods were employed to treat the substrates 

in this work.  

a) When glass and c-plane sapphire were used as the substrates, they were cleaned 

by a cleaning sequence developed by Werner Kern et al. [40]. With this cleaning method, 

a clean and completely hydrophilic surface could be obtained. The overall strategy of 

such a sequence was typically as follows, with intermediate rinsing steps separating each 

chemical step: 

i. Submerging the substrates into ethanol and ultrasonicating them for 3 min. This step 

aimed to remove light organic contaminations on the surfaces. 
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ii. The substrates were then immersed in a piranha solution (1:3, 30% H2O2/H2SO4, 

Sigma–Aldrich) and heated at 120 ◦C for 30 minutes to remove relatively heavy organic 

contaminations. 

iii. Immersing the substrates into a SC-1 solution (1:1:5 25% NH4OH/30% H2O2/Milli-

Q H2O, Sigma–Aldrich) at 75 ◦C for 15 min. This aimed to remove particles and metals.  

iv. Immersing the substrates in a SC-2 solution (1:1:6 35% HCl, VWR/30% 

H2O2/Milli-Q H 2O), and heating them at 75 ◦C for 15 min. This step could remove 

residuals including metals that may have been deposited in the SC-1 solution. 

After the cleaning sequences, the substrates were flash-air dried at room temperature.  

b) When ITO glass was used as the substrates, a softer cleaning sequence was 

applied to avoid etching the ITO layer. With this method, the substrates were 

consecutively ultra-sonicated by acetone, ethanol, isopropyl alcohol and deionized water 

during 20 min for each solvent.  

The preparation of ZnO seed layers 

In chapter 4, the synthesis of ZnO rod arrays is discussed. As seed layers play an essential 

role to the growth of ZnO rods, a modified preparation method was applied according to 

Greene and co-workers [41]. The coating steps were performed as follows: Firstly, a 

droplet of 0.01 M zinc acetate dihydrate (98%, Aldrich) ethanol solution was deposited 

on the as-cleaned substrate. Subsequently, the droplet was uniformly spin-coated on the 

substrate during 60 s. This coating step was repeated three times, to ensure that the 

substrate was covered with a complete and uniform layer of zinc acetate crystallites. 

Finally, the coated substrates were annealed at 500 ◦C during 2 h to yield a zinc oxide 

layer through the decomposition of the zinc acetate.  

2.1.2 The synthesis of the well arrayed structures 

The fabrication of monolayer arrays of silica spheres 

A SiO2 particle suspension was spin-coated on treated glass slides with a modified spin 

coater (TA-280, Shenyang Sile Co. Ltd. China) under controlled relative humidity 

conditions. A dual spinning speed technique was used in this thesis, where the substrate 
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was spun at a low spin speed and then accelerated to a second higher speed. The volume 

of the droplet was set to 50 µL. The suspension concentration was maintained at 25 wt% 

for the experiments in the screening and optimization stages while it was varied in the 

further optimization stage. During the optimization and further optimization stage, the 

acceleration rate, the rotation speed and spinning time for the second step of spin coating 

process were fixed at 600 rpm/s, 3000 rpm and 20 s, respectively.  

The synthesis of vertically aligned ZnO rod arrays 

ZnO micro- or nanorods were grown by suspending the seeded substrates upside-down in 

a sealed vessel containing equimolar zinc nitrate hydrate and hexamethylenetetramine 

(HMTA) aqueous solution. Specific amount of tri-sodium citrate was added to the mixed 

solution in part of the work. Several important parameters (the concentration, the reaction 

temperature, the reaction time, and the molar ratio of zinc cation to tri-sodium citrate) 

involved in the growth procedure were varied to investigate their impact on the ZnO rods 

growth and the final morphologies. The solution was heated at a selective temperature for 

specific durations. After the vessel was cooled down, the resultant samples were 

withdrawn from the solution and dried by the supercritical drying technique. By using 

this technique, it was possible to avoid the morphology disorder caused by the bundling 

effect, due to the capillary stress [14, 42]. 

2.1.3 Characterizations  

Characterization of the ordering of the silica sphere monolayers 

A hexagonal close-packed (HCP) arrangement percentage was employed to characterize 

the structure of the obtained monolayers. To get the HCP percentage, the samples were 

analyzed by a Leica microsystems optical microscope (Leica DM RM, series 189870). 

Twenty-one images were taken for each sample at a 500× magnification, starting from 

the center and moving towards the edges of the substrate in four directions. For each 

direction, five pictures were taken at intervals of 1 mm. 

A Matlab toolkit was designed and applied to qualify the ordering degree of the colloidal 

masks. The percentage of spheres in contact with six neighboring spheres was qualified 
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as the value of order in a hexagonal close-packed arrangement. The final HCP percentage 

was averaged over two repeated samples with 21 images for each sample. Scanning 

electron microscope (JEOL JSM-7000F) was used to analyze the morphologies of the 

silica sphere colloid-crystal films. The coverage area and the domain size of the prepared 

monolayer were calculated by using an image analysis software (image J) [43]. 

Characterization of the vertically aligned ZnO rod arrays 

A powder X-ray diffractometer (XRD, PANalytical powder X-ray diffractometer with a 

Cu Kα1 radiation, λ=0.15406 nm) was applied to analyze the crystal structure and 

orientation of the obtained samples. The relative texture coefficient, denoted as TC002, 

was used to characterize the relative texture coefficient of diffraction peaks (002) over 

(100) and (101) in XRD patterns. It characterizes the degree of preferential orientation of 

the obtained rods along the (002) plane and it can be calculated as follows:  

                                        ����� =
����/����

�

�
�� �
��
�⁄ ����� ����

�⁄ ��
�
/�
�

�                      (2-1) 

where ���, ��� and ��� are the measured diffraction intensities of the (100), (002) and 

(101) planes, respectively. 	���
� ,  ���

�  and ���
�  are the corresponding values of the 

standard data (JCPDS 00-036-1451).  

The microstructures of the obtained samples were explored by a field emission scanning 

electron microscope (FESEM, JSM-7000F, JEOL). The mean diameter of the obtained 

ZnO rods was averaged from ten rods of the top view of the SEM images. Thereafter, the 

aspect ratio was calculated as the ratio of the rod length to the mean diameter.  

2.2 Statistical experimental design  

Modern experimental design dates back to the pioneering work of R. A. Fisher in the 

1930s. It was further developed by G. E. P. Box and co-workers [44]. Generally, two 

stages are included in the design of experiments—screening and optimization. Screening 

is used to identify the most influential parameters from a large number of variables in the 

investigated system. Besides, the appropriate ranges to be investigated can be determined 

at this stage. Optimization is performed to uncover the optimal operating conditions to 

achieve the best results.  
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2.2.1 Experimental design 

There are several designs of the experimental planning. The choice of an experimental 

design depends on the objectives of the experiments and the number of factors to be 

investigated. In the screening stage, the main purpose is to screen out the most influential 

effects. So, a full or fractional factorial design is sufficient for the screening designs to 

explore the main effects. On the other hand, the optimization design aims to estimate the 

interactions and quadratic effects. In this case, a central composite design or other more 

complicated design is desirable. To illustrate these types of design clearly, Fig. 2-1 

summarizes the designs discussed above.  

 

Fig. 2-1. Examples of full factorial, fractional factorial, and composite design. Reproduced from 
Ref. [45].  

The first two rows represent factorial designs which are used during the screening stage. 

The full factorial design in the first row investigates all the combinations of the factors, 
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while the fractional factorial design in the second row only includes a fractional of all 

possible combinations.  The fractional factorial design is often used when the number of 

factors is larger than 3. The composite designs in the third row are applied in the 

optimization stage. It includes a factorial design and axial points, which are denoted with 

open circles. Moreover, the snowflake in the interior part denotes the replicated center 

points which are conducted to improve the precision of the experiment. 

2.2.2 Statistical analysis 

After the experimental design was fulfilled and the experiments were completed, the 

results need to be analyzed to find out how factors influence the responses. Usually, this 

is done by fitting a polynomial regression model to the data. A typical model can be 

expressed as follows: 

� = �� + ���� + ���� +⋯+ ���� + �����
� + �����

� +⋯+ �����
� + ������� +⋯+

������� + �                         (2-2) 

where y is the response, �� is the factor involved, ��
� is the squared term of the factor ��, 

���� is the interaction term between the factors �� and ��, �� is the constant term, ��, ���, 

��� are the regression coefficients, � is the residual response variance not explained by the 

model.  

Not all of the factors in the equation are necessary for the regression. If only the first 

degree terms of the factors are included, the model is linear. When the model contains 

both the first degree terms and interaction terms, it is an interaction model.  These two 

models are pertinent for the screening stage. But during the optimization stage, a 

quadratic model, which includes all of the terms in the equation, should be used.  

After the regression model is built, it is important to evaluate and analyze it. There are 

several diagnostic tools in the regression analysis, including the analysis of variance 

(ANOVA), the scaled and centered coefficient plot, the response surface plot and the 

response 4D counter plot, etc.  

ANOVA is an important diagnostic tool in regression analysis. It partitions the total 

variation of a response variable into one part attributed to the regression model and 
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another part linked to the residuals. Sum of squares (SS) is used to quantify the variability 

and can be decomposed to 

�������	���� �� ! = ��� "� ##��$ + ��� #�!%��        (2-3) 

If replicated experiments are conducted, the residual variation can be further divided into 

two parts: one component due to the model error and another component due to the 

replicate error. Then the sum of squares of residuals can be further decomposed to 

��� #�!%�� = ��&�! �	 ���� + ��� '����� 	 ����      (2-4) 

Two F-tests can be formulated to check the adequacy of the model. To do this, the sum 

squares should be converted to the mean squares (MS) by dividing the sum squares with 

the corresponding degrees of freedom. Then the ratio of the mean square terms can be 

retrieved to the probability (p value) and then compared to the critical reference value 

0.05. The first F-test compares modellable ((�� "� ##��$) and unmodellable variances 

((�� #�!%��) and assesses the significance of the regression model. It is satisfied when 

the relative p value is smaller than 0.05. The second F-test, which is also called the lack 

of fit test, compares model ((�&�! �	 ����) and replicate errors ((�� '����� 	 ����). The 

regression is satisfied when the p value is larger than 0.05.  

The scaled and centered coefficient plot displays regression coefficients of the factors. 

There is a confidence interval superimposing each factor coefficient. If the confidence 

interval includes zero, the corresponding factor is statistically insignificant. Then this 

factor would be removed and the model would be refitted. In addition, the value of the 

coefficients determines the effect of the relative factor on the response. If the value is 

positive, the factor has a positive effect on the response and vice versa.  

The response surface plot and the response 4D contour plot depict the changing tendency 

of the predicted response values. The response surface plot depicts a 3D surface plot by 

varying two factors simultaneously, while keeping other factors at their middle level. The 

response 4D contour plot explores the influence of four factors on a response at the same 

time.  With these two types of plots, the influence of the factors on the response can be 

clearly observed, and the interactions between the factors can also be detected. Moreover, 



12 

 

the optimal points and regions to achieve the best response can be easily determined from 

these two types of plots.  

In this thesis, a commercial software MODDE from Umetrics (Umeå, Sweden) [45] was 

used to optimize the involved parameters in order to obtain well arrayed structures. This 

software was designed based on the above mentioned theory of regression and it can 

provide the feasibility to design the experiments and analyze the results.  
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Chapter 3: Monolayer arrays of silica spheres          

3.1 Background 

During the past decades, two-dimensional (2D) colloidal crystals, also known as 

monolayer colloidal crystals (MCC), have attracted a widespread interest due to their 

application as versatile templates in surface patterning. With the MCC templates, 

functional 2D patterned nanostructures could be produced effectively [1, 46]. Among 

various MCC templates, hexagonal-close-packed (HCP) monolayer arrays of colloidal 

spheres were paid more attention due to its thermodynamic stability. The HCP structure 

could be arranged automatically by monodisperse colloidal spheres. Therefore, the HCP 

monolayer is the most frequently employed and the most easily self-assembled one.  

In this work, the HCP monolayer was fabricated using a dual-speed spin coating method. 

Several variables involved in the spin coating procedure impose influences on the 

ordering of the obtained structures. To explore the influential factors effectively, 

statistical experimental design was applied. With assistance of the statistical experimental 

design, the significant parameters were found out with only a few experiments, and their 

effects on the ordering degree of the monolayers could also be determined. Moreover, 

with the optimized parameters, a large-area hexagonal packed monolayer of silica spheres 

was successfully prepared.  

3.2 The necessity of the hydrophilic substrates 

During the spin coating procedure, hydrophilic surfaces are vital to obtain large area 

monolayer masks. If the substrates are not clean enough, a typical phenomenon called the 

‘coffee-ring’ effect will occur. Coffee-ring was first observed by Deegan et al. [47] who 

found that a ring was always deposited along the perimeter  of a spill of coffee. This 

phenomenon is caused by a capillary flow induced by the differential evaporation rates 

across the droplet. The liquid on the edge evaporates faster than that in the interior. 

Therefore, the liquid flows towards the edge to replenish, which carries nearly all the 
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dispersed materials to the edge.  Fig. 3-1 shows the typical images of the coffee-ring 

phenomenon during spin coating the silica spheres solution. 

 

Fig. 3-1. (a) A pattern formed by 2-cm-diameter drop of coffee containing 1 wt.% solids [47];  (b) 
a typical coffee-ring like pattern formed by 2.5 wt% Ø 1.5 µm silica spheres with spin coating 
procedures.   

The formation of a coffee ring is unwanted because of the uneven silica spheres 

deposition. This non-uniform deposition destroys the ordering of the pattern, which is 

undesirable for applications in patterned growth. To avoid this coffee ring phenomenon, 

it is necessary to obtain a hydrophilic surface before depositing the silica spheres. With a 

hydrophilic substrate, the contact angle would be decreased. Consequently, the difference 

of evaporation rate can be narrowed down and less outward flow is required to maintain 

the ordering pattern during drying process.  

3.3 Screening the spin coating operational parameters 

Several parameters involved in the dual-speed spin coating procedure, such as the 

concentration of the slurry [13], the spin speed and time [17], the relative humidity [18, 

30] and the acceleration rate [31], were reported to have influences on the ordering 

degree of the obtained masks. The aim of this step is to identify the most influential 

factors and to find their appropriate ranges. According to our preliminary experiments, 

the system would become complicated if the slurry concentration changes with other 

parameters at the same time. Consequently, the influence of other factors would be 

difficult to determine. Therefore, we decided to optimize other parameters firstly and then 
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conduct further optimization on the slurry concentration. Based on the above 

considerations, six parameters, including i) the relative humidity (RH), ii) the 

acceleration rate (ar), iii) the rotation speed (va) and spinning time (ta) during the first 

stage of spin coating procedure, iv) the rotation speed (vb) and spinning time (tb) during 

the second stage of spin coating procedure, were first picked as the investigated factors. 

The HCP percentage of the obtained monolayers was selected as the response in this step. 

A fractional factorial design instead of a full factorial design was employed to implement 

the experiments efficiently by reducing the total number of the experiments. With this 

fractional factorial design, only 19 (26-2+3, 3 is the number of appended replicated center-

points) instead of 64 (26) experiments were required to perform. The detailed parameters 

and the corresponding HCP percentages are listed in Table 3-1.  

Table 3-1. Screening test with detailed spin coating parameters of experiments and the obtained 
relative HCP percentage values.  

Exp. 
No. 

Experimental factors HCP 
Percentage (%) RH (%) va (rpm) ta (s) vb (rpm) tb (s) ar (rpm/s) 

S1 23 300 5 1000 5 300 32.16 
S2 70 300 5 1000 35 300 17.65 
S3 23 1000 5 1000 35 2500 25.78 
S4 70 1000 5 1000 5 2500 35.31 
S5 23 300 5 8000 35 2500 15.01 
S6 70 300 5 8000 5 2500 8.07 
S7 23 1000 5 8000 5 300 38.20 
S8 70 1000 5 8000 35 300 20.04 
S9 23 300 35 1000 5 2500 36.77 
S10 70 300 35 1000 35 2500 26.89 
S11 23 1000 35 1000 35 300 34.33 
S12 70 1000 35 1000 5 300 29.01 
S13 23 300 35 8000 35 300 33.72 
S14 70 300 35 8000 5 300 18.40 
S15 23 1000 35 8000 5 2500 38.85 
S16 70 1000 35 8000 35 2500 29.62 
S17 46.5 650 20 4500 20 1400 23.04 
S18 46.5 650 20 4500 20 1400 24.88 
S19 46.5 650 20 4500 20 1400 28.95 

With the obtained data, the impacts of the factors on the responses were firstly 

determined by analyzing the plot of variable importance in the projection (VIP), scaled 

and centered coefficient plot as well as the regression coefficients and their p-values 

(probability of error) which are displayed in Fig. 3-2.  
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In the VIP plot of the screening model in Fig. 3-2(a), the normalized VIP values reflect 

the importance of the factors to the responses. If the corresponding VIP value of a factor 

is above 1.0, the factor can be determined as a significant parameter. Obviously, va, RH 

and ta are relatively more important variables, compared to vb, tb and ar. In the scaled and 

centered coefficient plots in Fig. 3-2(b), the confidence interval superimposing each bar 

indicates the uncertainty of each coefficient. If the confidence interval goes across the 

horizontal axis, the corresponding coefficient can be determined to be non-significant for 

the response. Therefore, vb, tb and ar, are statistically non-significant for the HCP 

percentage. Fig. 3-2(c) shows the regression coefficients and the corresponding p-values 

which indicate the probability of error. The coefficient is significant if the corresponding 

p-value is smaller than 0.05. Therefore, it can be concluded that the variables vb, tb and ar 

are non-significant factors to the HCP percentage. The conclusions obtained from these 

three analyses are consistent with each other that vb, tb and ar are non-significant factors 

to the HCP percentage. Consequently, the factors, vb, tb and ar, will be ruled out in the 

following steps and fixed as constant ones.  

 

Fig. 3-2.  (a) Variable importance (VIP) plot; (b) scaled and centered coefficient plot of the 
screening model and (c) table of coefficients and P-values of the factors for a linear effect. 

Moreover, in the scaled and centered coefficient plot in Fig. 3-2(b), positive coefficient 

reveals that the relative factor has a positive effect on the HCP percentage. This indicates 

that HCP percentage will increase progressively with the increase of va and ta as well as 

the decrease of RH. Therefore, values of va and ta will be enlarged in the following 

optimization step.  

3.4 Optimization of the spin coating parameters 
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After identifying the most influential factors and determining their impacts in the 

screening step, now we need to predict the response values for all possible combinations 

of factors within the designed experimental regions, and to identify an optimal 

experimental point. To do that, a central composite face-centered (CCF) design was 

employed in this optimization stage.  It is composed of a full factorial design and star 

points placed at the center of each face of the factorial space. With this design, 17 runs 

were performed and a second order model for the response was built. Table 3-2 presents 

the detailed experimental factors and the relative HCP percentage value of each 

experiment. It is obvious that there is a substantial increase of the obtained HCP 

percentage in this stage, comparing with that obtained in the screening experiments. This 

means that the selected range of the three factors (va, ta and RH) is appropriate. 

Table 3-2. Optimization design with details of each parameter and obtained HCP percentage 
values 

Exp. 
No. 

Experimental factors HCP 
percentage (%) RH (%) va (rpm) ta (s) 

O1 23 1000 10 77.42 
O2 70 1000 10 43.65 
O3 23 4000 10 46.20 
O4 70 4000 10 23.08 
O5 23 1000 60 70.52 
O6 70 1000 60 63.18 
O7 23 4000 60 41.75 
O8 70 4000 60 22.21 
O9 23 2500 35 22.19 
O10 70 2500 35 34.08 
O11 46,5 1000 35 59.66 
O12 46,5 4000 35 32.45 
O13 46,5 2500 10 29.66 
O14 46,5 2500 60 30.21 
O15 46,5 2500 35 37.39 
O16 46,5 2500 35 30.43 
O17 46,5 2500 35 37.85 

At this stage, a scaled and centered coefficient plot (Fig. 3-3(a)) is still applied to 

determine the effect of the factors. It can be observed that RH, va and va*v a are the 

influential factors for the HCP percentage in this stage. The effect of ta on the HCP 

percentage is negligible within the selected ranges of the factors. Besides, the scaled and 

centered coefficient plot reveals that a better ordering of the silica spheres array can be 
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achieved with a decreased RH and va as well as an increased	v�
�. Due to the negative 

effect of va and the positive effect of 	v�
�, there would be an extreme point to get the 

lowest HCP percentage. Moreover, an observed versus predicted plot is employed to 

examine the accuracy of the regression model, as is shown in Fig. 3-3(b). The numbers in 

Fig. 3-3(b) indicate the experimental number in Table 3-2. As it can be clearly observed, 

all of the points are close to the straight dashed line in the plot, indicating the good 

prediction power of the employed model. Note that No. O9 is missing, this is because it is 

an outlier in the normal probability plot of residuals even with repeated values. Therefore, 

it was considered as a statistically significant outlier that needs to be excluded.  

 

Fig. 3-3. (a) Scaled and centered coefficient of the optimization model after removing the non-
significant factors; (b) observed versus predicted plot of the optimization process, where the HCP 
percentage has been transformed with a logarithmic function (10log(3Y-6)). 

A response 4D contour plot is employed to explore the changing tendency of the response 

with the variables and to obtain the optimum points or areas. Fig. 3-4 displays the 

response 4D contour plot of the obtained HCP percentage values. Apparently, the 

differences among the obtained HCP percentage at various ta are negligible, which 

indicates ta is a non-significant parameter for the ordering degree of the monolayer. This 

agrees very well with the conclusions obtained from the scaled and centered coefficient 

plot. In terms of va, there is an extreme point around 3500 rpm to get the lowest HCP 

values, which is consistent with the conclusions from the negative influence of va and the 

positive influence of v�
�.  In addition, the largest HCP percentage values can be obtained 

at 1000 rpm within the selected regions. With respect to the relative humidity, the HCP 

percentage is increased with a decreased relative humidity. Moreover, the optimal 
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parameters can be identified as va=1000 rpm and RH=23%, while ta can be flexible in the 

selected region.  

 

Fig. 3-4.  The response 4D contour plot of the HCP percentage values of the obtained silica 
sphere monolayers. 

3.5 Further optimization 

After determining the optimized experimental settings of the previous mentioned six 

parameters, the changing tendency of the HCP percentage with the slurry concentration is 

investigated to further optimize the ordering structure. According to the results in section 

3.4, the relative humidity is set as the lowest value of 23%. The first rotation speed and 

spinning time are still selected as influential factors. From Fig. 3-4, higher HCP 

percentage is always obtained when va is lowered to 1000 rpm. In case the optimal value 

was located below 1000 rpm, more levels with lower values were selected to ensure the 

precise picking up the optimal value of va. With respect to ta, its effect was investigated in 

the regions of smaller values to enhance the practical efficiency. A 2231 full factorial 

design was performed and the detailed experimental settings are shown in Table 3-3.  

Apparently, most of the obtained HCP percentage values are above or around 60%. This 

indicates that a good ordering of the monolayer can be obtained within the selected 

ranges of the parameters and that the selected ranges were appropriate. In most cases, a 
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large area of a well-ordered monolayer could be achieved if the parameters were located 

in the mentioned ranges. This substantially made the practical work more efficient.  

Table 3-3. Detailed experimental settings of further optimization  

One-group-at-a-time main effect analysis was employed to evaluate the effect of each 

factor on the HCP percentage of the obtained monolayers.  In this method, the responses 

are grouped, wherein the level of only one factor is changed. The results obtained by this 

method are illustrated in Fig. 3-5. Obviously, the first rotation speed at 1000 rpm always 

resulted in a higher HCP percentage value than at the lower speed of 500 rpm, as shown 

in Fig. 3-5(a). Combing with the results in section 3.4, it verifies that the optimal first 

rotation speed is 1000 rpm. Fig. 3-5(b) indicates that the HCP percentage is increased 

with the prolongation of spinning time. With respect to the effect of the suspension 

concentration, it firstly has a positive effect on the HCP percentage and then changes to a 

negative effect after the HCP percentage reaches a peak value at 30 wt.% in most cases 

(Fig. 3-5(c)). Moreover, the obtained HCP percentage was always higher than 65% when 

the solution was set as 30 wt.%, irrespective of the level of the rotation speed and 

spinning time. Therefore, the optimal concentration to obtain ordered arrays of silica 

spheres can be determined to be 30 wt.%. In addition, the HCP percentage reaches the 

highest value of 84.12% when the suspension concentration, the rotation speed and time 

were set as 30 wt.%, 1000 rpm and 20 s, respectively. Thus, the optimal values for those 

parameters to get well-ordered silica sphere arrays have been identified. 

Exp. 
No. 

Experimental factors HCP 
percentage (%) va (rpm) ta (s) c (wt. %) 

F1 500 10 25 58.07 
F2 500 10 30 66.99 
F3 500 10 35 43.60 
F4 500 20 25 70.91 
F5 500 20 30 71.90 
F6 500 20 35 51.47 
F7 1000 10 25 59.45 
F8 1000 10 30 67.70 
F9 1000 10 35 72.12 

F10 1000 20 25 70.76 
F11 1000 20 30 84.12 
F12 1000 20 35 67.19 
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Fig. 3-5. The influence of (a) the first rotation speed, (b) the first spinning time, and (c) the 
suspension concentration on the obtained HCP percentage values. 

3.6 Mechanisms of the formation of silica sphere monolayers 

The dual-speed spin coating procedure employed in this work is as follows: firstly, the 

suspension is spread on the whole substrate homogenously during the first low speed 

duration. Then the excess suspension is spun out of the substrate and a homogenous thin 

film was left. With respect to the silica sphere monolayers, its formation involves a 

balance between the centrifugal force controlled by the spin speed and the capillary force 

determined by the evaporation rate. The colloidal monolayer is formed through two 

distinct stages: nucleation and crystal growth. The nucleus, a small hexagonally packed 

domain, is formed when the thickness of the suspension film is sufficiently thin, which is 

comparable to the diameter of the silica spheres. At this point, the silica spheres start to 

protrude from the film surface, and the immersion capillary force brings the spheres 
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nearby together. Then the nucleus comes into being. After the formation of the nucleus, 

the colloidal crystal grows through a convective flow, which brings new particles to the 

nucleus from the suspension. The mechanisms of the crystallization of the 2D colloidal 

monolayer are illustrated in Fig. 3-6. 

 

Fig. 3-6.  Schematic image of the 2D colloidal crystallization process. Fca indicates the immersion 
capillary force and Fco shows the convection to the growing crystal.  

The structural quality of the 2D colloidal crystals depends on lots of crucial factors 

during the crystal growth process. Firstly, it is important to control the relative humidity 

because it is related to the evaporation rate. High relative humidity corresponds to low 

evaporation rate, and vice versa. With a high RH, the water is excessive due to a low 

evaporation rate. Under this condition, the convective flow is suppressed and then the 

crystallization is slowed down. Besides, the silica spheres can be diffused by the 

excessive water. This diffusion is opposed to the convection, which disturbs the 

crystalline order and thus increases the defects of the obtained monolayers. Therefore, the 

relative humidity should be lowered down to synthesize the monolayer with a higher 

HCP percentage. Secondly, the structure of the obtained monolayer also depends on the 

first spin speed of the dual-speed spin coating procedure. The structure of the colloidal 

crystals is determined by the balance between the centrifugal force and the particle 

interaction. The spin speed is related to the centrifugal force. At a too low rotation speed, 

the centrifugal force is smaller than the interaction, thus multilayers will be obtained. In 

contrast, if the spin speed is too high, numerous particles are spun off the substrate and 

crystals with lots of defects are left. Therefore, the optimal value for the spin speed 

should be a medium one. In this work, the optimized spin speed is 1000 rpm/s. As for the 

suspension concentration, its initial increase makes close packing favorable to arrange a 

greater number of silica spheres, and thus increase the HCP percentage. However, too 
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high concentration that exceeds the critical point, 30 wt.% in this thesis, would cause 

multilayers due to the excessive silica spheres. In this case, the HCP percentage would be 

decreased consequently.  

3.7 The structure of the silica sphere monolayers 

With the optimized parameters, a large area of silica sphere monolayers has been 

successfully synthesized. Moreover, a large defect-free domain can be observed. The 

typical optical microscope images and SEM images of the obtained monolayer with a 

HCP percentage over 65% are shown in Fig. 3-7.  

 

Fig. 3-7. Typical optical microscope images with magnifications (a) 50× and (b) 500× as well as 
SEM images with magnifications (c) 2000× and (d) 5000× of obtained monolayers with a HCP 
percentage over 65%. 
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Apparently, a large coverage and a uniform monolayer of silica spheres are obtained. The 

area can reach a value of larger than 1 cm2, as is shown in Fig. 3-7(a). Fig. 3-7(b) 

indicates that the domain size of the obtained monolayer is also large. The largest defect-

free domain size is indicated by red lines in Fig. 3-7(b).  The area is calculated to be 

larger than 4000 µm2, which is considerably higher than the previous reported values [22, 

31]. Strictly speaking, the obtained monolayer is not absolutely perfect. Besides the 

defect-free domains, there are still some defects, such as missing particles (indicated by 

an circle) and small area of squared ordered spheres (indicated by an arrow), as shown in 

Fig. 3-7(c). In addition, a fraction of spheres with smaller diameters also cause defects in 

the structures, as is indicated by the squares. However, these small area defects will not 

limit their applications in many fields. Moreover, the blank area where the spheres are 

missing confirms that the obtained thin films are consisted by monolayers rather than by 

multilayers. The SEM image with a higher magnification in Fig. 3-7(d) clearly indicates 

that the obtained monolayer is consisted by a close-packed hexagonal ordered 

arrangement of silica spheres. 

3.8 Conclusions 

With assistance of statistical experimental design, the most influential parameters 

including the relative humidity, the first rotation speed and the suspension concentration 

were identified. To get a large area of silica sphere monolayers, the relative humidity 

should be lowered while the first spinning speed and the slurry concentration should be 

set as the optimal values 1000 rpm and 30 wt.%, respectively. With the optimized 

parameters, a maximum HCP percentage value of 84.12% has been achieved. The area of 

silica sphere monolayers reached over 1 cm2 and the defect-free domain size was 

enlarged over 4000 µm2. 
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Chapter 4: Vertically aligned ZnO rod arrays 

4.1 Background 

With tremendous applications, controlling the morphologies and properties of vertically 

aligned ZnO rod arrays is crucial to meet various demands of specific tasks. To achieve 

this goal, statistical experimental design was applied to study the growth process of ZnO 

rod arrays. With this method, the investigation can be conducted systematically and 

thoroughly to control the morphologies. During the process of statistical experimental 

design, it is also important to understand the basic theories from which the possible 

influential parameters can be proposed and the changing tendency can be explained. This 

would definitely make the experimental performance more efficient.  

4.1.1 ZnO crystal structure 

Zinc oxide crystallizes in three main forms, hexagonal wurtzite, cubic zincblende and 

rocksalt (NaCl) structures, where wurtzite structure is the most stable and most frequently 

studied one. Hexagonal wurtzite belongs to the space group P63mc and has lattice 

parameters a=b=0.3296 nm and c=0.5207 nm [48]. The wurtzite structure is 

schematically shown in Fig. 4-1.  

 
Fig. 4-1. The schematic image of ZnO wurtzite structure. Red and purple spheres denote Zn and 
O atoms, respectively [48].  
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The structure is composed of two interconnecting sublattices of Zn2+ and O2−, where each 

Zn2+ is surrounded by a tetrahedra of O2-, and vice versa. This tetrahedral coordination 

results in a polar symmetry along the c axis, including the positively charged Zn 

terminated (0001) and the negatively charged O terminated (0001,) facet. Therefore, when 

a ZnO nucleus is formed, these polar surfaces will preferentially adsorb the precursor 

molecules to minimize the surface energy. This will cause the original polar surface to 

transform into another polar surface with an inverted polarity. Such a process is repeated 

over time, leading to a fast growth along the ± [0001] directions, exposing the non-polar 

{1 1, 00} and {21,1, 0} surfaces to the solution. This is the inherent way that a 1D 

nanostructure is formed in solutions [49]. 

4.1.2 Chemical reactions 

In most of existing studies, the most commonly used chemical agents for the aqueous 

synthesis of ZnO nanorods are Zn(NO3)2 and hexamethylenetetramine (HMTA). In this 

system, Zn(NO3)2 provides the Zn2+ ions while H2O molecules provide the O2- ions for 

building up ZnO nanorods. HMTA, which is a weak base, buffers the pH and provides a 

convenient and continuous source of hydroxide. Moreover, HMTA aides the anisotropic 

growth of ZnO nanorods by capping the {101,0} planes through surface adsorptions [50, 

51]. The involved reactions can be described by using the following equations [49]:  

�-.��/0 + 6.�2 ↔ 4/.5 + 6.�.2        (4-1) 

/.5 +.�2 ↔ /.0
�+2.6                          (4-2) 

78�� + 4/.5 ↔ 978:/.5)0;
��                 (4-3) 

78�� + 22.6 ↔ 78:2.)�                         (4-4) 

78:2.)� ↔ 782 + .�2                             (4-5) 

The equilibrium of the above equations can be shifted by adjusting the influential 

parameters during the ZnO rod growth including the precursor concentration, the reaction 

temperature, the reaction time and the pH value. As a common knowledge, most studies 

agree the following ideas: The precursor concentration influences the density, the 

reaction temperature determines the morphology and aspect ratio, while the pH value 

controls the morphology of the obtained nanorods. 



27 

 

4.1.3 Spatially confined oriented growth  

A vast number of studies pointed out that the pre-seeding process is critical during the 

growth of ZnO rod arrays by using the chemical bath deposition [52, 53]. C-orientated 

seeds are ideal for the vertically aligned ZnO rod growth. However, the seed deposition 

often exhibits a random orientation and not all the seeds have their (0001) planes parallel 

to the substrate. When the ZnO rods grow from the seeds which are not c-oriented, they 

will impinge to neighboring crystals and thereby their growth ceases to elongate further. 

Consequently, only the crystals oriented perpendicular to the substrate survive and 

vertically aligned ZnO rod arrays are obtained. This growth mechanism can be illustrated 

in Fig. 4-2. 

 

Fig. 4-2. Schematic image of the spatially confined orientated growth mechanisms [19].  

4.2 Determining the boundary conditions  

Before series of optimizing experiments, it is crucial to determine the boundary 

conditions. This is because various experimental settings were employed in the previous 

studies, and the results varied a lot in different studies even with the same experimental 

settings. For example, dispersed ZnO microrods were obtained by Chu et al. [54], while 

well aligned ZnO rod arrays were synthesized by  Govender et al.[55] using the 

parameters pH=5, T=90 °C and t=1 h. In this work, the boundary value of the factors 

including the precursor concentration and pH values were determined.  

4.2.1 The precursor concentration  

The initial idea was to achieve free standing ZnO rods by employing a low precursor 

concentration. However, we found that well aligned ZnO rod arrays could not be 
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obtained in a solution with a too low concentration (supplement III). Therefore, it is 

crucial to determine the lowest boundary value for the precursor concentration. Fig. 4-3 

shows the morphology evolution with an increased concentration. Apparently, the density 

of obtained ZnO rods increases with an increased concentration. When the concentration 

is lower than 0.01 M, the obtained ZnO rods are distributed non-uniformly on the 

substrate. Besides, clustered structures appeared with the low concentration, as shown in 

the supplement III Fig. 1(a). These results imply that ZnO rod arrays could not be 

obtained under the condition of a too low concentration. When the concentration was 

further increased to 0.02 M, dense and homogenous ZnO rods were obtained. Therefore, 

the boundary value of the precursor concentration to achieve dense ZnO upright arrays 

was determined as 0.02 M. 

 

Fig. 4-3. The morphology evolution with an increased precursor concentration: (a) 0.004 M; (b) 
0.006 M; (c) 0.008 M; (d) 0.01 M; (e) 0.015 M; (f) 0.02 M. The other parameters were: T=90 °C, 
t=1 h, pH=7. 

4.2.2 pH value 
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ZnO rod growth in solution with various pH values was reported in numerous studies 

[55-57]. However, different results were obtained at the same pH value in different 

studies. So the pH value is considered to be sensitive to different reaction systems and the 

boundary value should be determined. Fig. 4-4 shows the various morphologies with 

varied pH values in this work. It is evident that various morphologies were obtained with 

different pH values. When the solution was acid (pH=6), ZnO rods with hollow ends 

were obtained. In neutral solution, upright ZnO rod arrays with flap tops were 

successfully synthesized. If the solution was gradually tuned to be basic, the obtained 

morphologies turned into tapered rods (pH=7.5) or rods with granular tops (pH=8). The 

shape transformation in acid and basic solution can be attributed to the competition 

between growth and erosion. Because the top surfaces are polar, they are metastable and 

are apt to attract the excess H+ or OH-, which results in the erosion of top planes. 

Therefore, it can be concluded that a neutral solution is an optimized condition to achieve 

ZnO rods with flat tops. Consequently, the pH values will be fixed at 7 in the following 

series.  

 
Fig. 4-4. SEM images of samples synthesized with various pH values: (a) pH=6, c=0.1 M, 
T=80 °C, t=24 h; (b) pH=7, c=0.1 M, T=80 °C, t=14 h; (c) pH=7.5, c=0.11 M, T=80 °C, t=14 h; 
(d) pH=8, c=0.2 M, T=95 °C, t=4 h. All the scale bars indicate 1 µm. 

4.3 Investigating the effect of the factors  

After determining the boundary values for the factors, a preliminary optimization was 

conducted to investigate the effect of each factor on the properties of the obtained ZnO 

rod arrays. A full factorial design with all combinations of the factor levels was employed 

and the details of the experimental setup were shown in Table 4-1. It is clear that a wide 

variation of the two responses was obtained with varied parameters, which indicates that 

the involved parameters have significant influences on the responses. What should be 
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noted is that sample S6 is excluded when fitting the models, because it is an outlier even 

with repeated values. 

Table 4-1. Experimental setup for the preliminary optimization 

Exp. No. 
Experimental factors 

TC002/  Aspect ratio/   
c(Zn2+)/M Temperature/◦C Time/h 

S1 0.02 65 4 0.875 5.45 
S2 0.20 65 4 0.908 2.19 

S3 0.02 95 4 0.956 17.91 
S4 0.20 95 4 0.983 12.73 

S5 0.02 65 24 0.975 15.00 

S6 0.20 65 24 0.619 2.50 
S7 0.02 95 24 0.947 17.00 

S8 0.20 95 24 0.985 11.85 

S9 0.11 80 14 0.989 17.24 
S10 0.11 80 14 0.985 17.27 

S11 0.11 80 14 0.973 17.86 

4.3.1 Statistical analysis 

After the implementation of the experiments, the software MODDE was employed to 

build and fit the models. Since both of the models of texture coefficients and aspect ratios 

satisfied the requirement of ANOVA (supplement IV Table 2), response 4D contour plots 

were depicted for both of the responses to illustrate the changing tendency and to 

determine the optimum values of the parameters.  

Fig. 4-5 shows the response 4D contour plots of the texture coefficient and aspect ratio. 

Apparently, an elevated reaction temperature could both promote the preferentially 

oriented growth and increase the aspect ratio. The increase of the texture coefficient 

could be ascribed to the spatially confined orientated growth. In this growth manner, 

higher reaction temperature promotes the growth of ZnO crystals and then the spatial 

competition between the rods becomes stronger. As a result, the growth direction of the 

crystals is defined further and the texture coefficient is increased. As for the aspect ratio, 

the length and diameter is both increased with an elevated temperature, while the 

increasing rate of the length is larger. Consequently, the aspect ratio is increased. 

Moreover, when the reaction temperature is higher, a shorter reaction time is required to 
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achieve a high texture coefficient and a large aspect ratio. This will definitely enhance the 

efficiency of the experimental work.  

 

Fig. 4-5. Response 4D contour plots of the (a) texture coefficient and (b) aspect ratio.  

In terms of the impact of the precursor concentration, there is an optimal region 0.11-0.16 

M to achieve the maximum texture coefficient. This is mainly because the self-etching 

phenomenon is more and more serious when the concentration exceeds this range. As for 

the aspect ratio, a maximum value could be achieved when the precursor concentration is 

located in the region of 0.06-0.12 M rather than at higher concentrations. This 

observation is consistent with the previous work [23], where lower aspect ratios were 

achieved with a too high precursor concentration. The reason for this phenomenon can be 

described as follows: although a higher precursor concentration favors the increase of 

both the diameter and length, a critical concentration usually exists. Above this 
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concentration, the diameter is increased faster than the length and then the aspect ratio 

will be reduced. Therefore, the concentration of the precursor can be limited in this 

region if a high aspect ratio is required. 

With respect to the reaction time, its effects on the texture coefficient and aspect ratio are 

complexed with the reaction temperature. At a relatively low temperature, the 

prolongation of reaction time favors the preferentially oriented growth and increases the 

aspect ratio. However, at a high temperature, the prolongation of reaction time has slight 

effect on the texture coefficient and aspect ratio. The texture coefficient is even decreased 

slightly with a long reaction time because of self-etching of the (001) facet. According to 

Fig. 4-5 A3 and B3, the reaction time should be shorter than 12 h to reach the ideal 

texture coefficient without sacrificing the aspect ratio.  

4.3.2 Typical morphologies  

Vertically aligned ZnO rod arrays with various morphologies were obtained in this stage. 

Typical SEM images of the samples are shown in Fig. 4-6. When the concentration is set 

as the low level 0.02 M, inclined nanorods were obtained, as shown in Fig. 4-6(a, b, d). 

Consequently, the corresponding texture coefficient is low. When the concentration is 

increased to 0.2 M, the preferentially orientated growth is promoted, as shown in Fig. 4-

6(c, e). However, self-etching phenomenon can be observed, which decreases the texture 

coefficient. When the concentration is 0.11 M (Fig. 4-6(f)), which is located in the 

optimal region of 0.11-0.16 M determined from Fig. 4-5, vertically aligned ZnO rods 

with flat tops were obtained. As a result, large texture coefficient can be obtained.   

On the other hand, Fig. 4-6(b-e) show the obtained morphologies when the reaction time 

is set as 24 h. Obviously, self-etching phenomenon occurs in these samples except the 

sample S5 which has a low concentration and a low reaction temperature. This is the 

reason why the texture coefficient is reduced slightly with the prolongation of the 

reaction time in Fig. 4-5 A3. Therefore, the reaction time should be shortened to avoid 

this self-etching phenomenon.  
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Fig. 4-6. Typical SEM images of the samples: (a) S1; (b) S5; (c) S6; (d) S7; (e) S8; (f) S10. The 
scale bars in the images are 100 nm. 

4.3.3 Summary 

To conclude, the influences of involved factors on the responses were detected, and the 

optimum regions for the factors to achieve optimal responses were determined. 

Combining the statistical analysis and the obtained morphologies, the reaction 

temperature should be higher to increase both the texture coefficient and the aspect ratio. 

The reaction time should be shorter than 12 h to avoid self-etching phenomenon and thus 

obtain vertically aligned ZnO rods with flat tops. With respect to the precursor 

concentration, the maximum texture coefficient can be obtained when the concentration 

is located in an optimum range of 0.11-0.16 M. On the other hand, the concentration 

should be controlled in the region of 0.06-0.12 M to achieve the highest aspect ratio.  

Here we aimed to increase the aspect ratio, so the concentration should be controlled in 

the optimum range of 0.06-0.12 M. Within this range, a high value of 0.98 can still be 

obtained, although the highest texture coefficient cannot be achieved. 

4.4 Further optimizing the properties 

After determining the effect of the parameters on the responses and finding out the 

optimum region in the last stage, the goal of this stage is to further increase the texture 
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coefficient and aspect ratio in this narrowed region. The ranges of the parameters were 

determined according to the conclusions in section 4.3. A D-optimal design was 

employed, and the detailed experimental factors as well as the achieved results are 

summarized in Table 4-2.  

Compared to the results in Table 4-1, the obtained texture coefficient and aspect ratio 

values were increased remarkably. The texture coefficients of almost all the samples have 

been increased to 0.990 or even higher values. The largest aspect ratio reaches 21, which 

is almost the same as the reported maximum value [58], under the condition of no 

refreshing growth solution, no preheating solution and no capping agents. All of these 

results indicate that the properties of the obtained ZnO rod arrays were significantly 

optimized within the narrowed range. This proves the efficiency of the statistical 

experimental design strategy. 

Table 4-2. Optimization design with details of each parameter and the obtained results 

Exp. No. Experimental factors TC002 / Aspect ratio/ 
c(Zn2+)/M Temperature/◦C Time/h 

O1 0.06 75 6 0.988 8.00 

O2 0.10 75 6 0.992 13.60 
O3 0.08 85 6 0.996 21.30 

O4 0.06 90 6 0.996 11.50 

O5 0.10 90 6 0.996 9.42 
O6 0.08 75 9 0.989 19.15 

O7 0.06 85 9 0.993 21.08 

O8 0.10 90 9 0.995 18.51 
O9 0.06 75 12 0.974 19.50 

O10 0.10 75 12 0.996 13.04 

O11 0.06 80 12 0.988 17.28 
O12 0.10 85 12 0.998 13.93 

O13 0.06 90 12 0.995 21.30 

O14 0.08 90 12 0.995 21.17 
O15 0.08 85 9 0.996 18.70 

O16 0.08 85 9 0.994 17.39 

O17 0.08 85 9 0.996 15.08 

4.4.1 Statistical analysis 
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After the models were fitted, several analysis tools were employed to interpret the models. 

A scaled and centered coefficient plot was used to determine the significant factors, a 

main effect plot was applied to investigate the main effect of each significant factor, and 

a 4D response contour plot was employed to explore the changing tendency of the 

response with the variables and also to obtain the optimum points or areas.  

 

Fig. 4-7. Regression of the texture coefficient: the scaled and centered coefficient plot (a), the 
main effect plot for the precursor concentration (b) and the reaction temperature (c), the response 
4D contour plot (d). 

Fig. 4-7 shows the regression of the texture coefficient model. The scaled and centered 

coefficient plot in Fig. 4-7(a) indicates that the most significant factors for the texture 

coefficient are the linear terms including the precursor concentration (c) and reaction 

temperature (T), the quadratic (T2) and two-way interactions (c*T and c*t). Fig. 4-7(b) 

and (c) depict the main effect plot of the precursor concentration and the reaction 

temperature, respectively. In the selected ranges, the texture coefficient increases linearly 

with the precursor concentration, while it has a parabola correlation with the reaction 

temperature. To achieve the maximum texture coefficient, the concentration should be 

increased to 0.1 M while the reaction temperature should be set as the optimal value of 90 

◦C. The response 4D contour plot in Fig. 4-7(d) indicates that an increased concentration 

and an elevated temperature are advantageous to increase the texture coefficient. 

Moreover, the texture coefficient can get close to the ideal value of 1 when c is close to 
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0.1 M and the reaction temperature is limited to 80~90 ◦C. In summary, the most 

influential parameters for the texture coefficient are the precursor concentration and the 

reaction temperature. Furthermore, when the concentration is close to 0.1 M and the 

temperature is controlled in the range of 80 ◦C to 90 ◦C, nearly perfectly well-aligned 

nanorods could be obtained. 

The model of the aspect ratio is lack of fit and it cannot be analyzed by MODDE. Only 

the reaction time is identified to be a significant factor by comparing the results of sample 

No. n and No. n+8 (n<6) in Table 4-2. It is also observed from the comparison that the 

aspect ratio is increased with a prolongation of the reaction time. This is because all the 

diameters of the obtained ZnO rods are limited to the range (100 ~150 nm), but the length 

is increased greatly with a prolonged reaction time. Consequently, the aspect ratio is 

increased. 

4.4.2 Structures and morphologies    

Well aligned ZnO rod arrays with highly preferentially oriented growth and large aspect 

ratios were successfully synthesized through the optimization process. Two samples with 

different texture coefficients were employed to display morphologies and structures of 

the obtained samples, as is shown in Fig. 4-8.  

 
Fig. 4-8. XRD patterns (a) and SEM images of sample O11 (b), O12 (c). The insets in the SEM 
images are the corresponding cross-sectional images of ZnO rod arrays. 

Fig. 4-8(a) compares the XRD patterns of the two samples. Apparently, only a dominated 

(0002) peak can be observed in the XRD pattern of sample O12, while there is another 

small (101,1) peak in the pattern of sample O11. The existence of the (101,1) peak is the 
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main reason for the smaller texture coefficient of sample O11 according to equation (2-

1). Moreover, the existence of (101,1) peak can also explain the worse vertical alignment 

of the obtained ZnO rods of sample O11 compared to that of the sample O12. This can be 

observed from the comparison between the corresponding SEM images in Fig. 4-8(b) and 

(c). However, the vertical alignment of the obtained rods in sample O11 is still good even 

if its texture coefficient is below 0.990. This reveals that the alignment of obtained ZnO 

rods has been largely optimized by using this optimization process. 

4.4.3 Summary 

In summary, the optimum points or regions of the parameters to obtain optimal texture 

coefficients and aspect ratios were identified through the optimization process. 

Specifically, the concentration should be close to 0.1 M while the temperature should be 

controlled in the range of 80 ◦C to 90 ◦C to achieve a high texture coefficient; Only the 

reaction time is identified as the significant parameter to the aspect ratio, and the aspect 

ratio is increased with the prolongation of the reaction time. With the optimized 

parameters, nearly perfectly vertically aligned ZnO rods have been successfully achieved. 

Moreover, diverse aspect ratios of obtained ZnO rods in this stage can meet various 

demands of specific tasks.  

4.5 Coarsening of ZnO rods 

In section 4.4, well aligned upright ZnO rods were obtained through the optimization 

process. The goal of this section is to explore whether a dense thin film can be formed if 

the rods are coarsening. Tri-sodium citrate was added to the original reaction system to 

promote the coarsening of ZnO rods. To be precise, the concentration, reaction 

temperature and reaction time were still investigated in a narrowed range. These 

parameters were optimized by a central composite face (CCF) design. The detailed 

experimental settings and the achieved results are shown in Table 4-3. Apparently, good 

alignment were obtained in most cases and most of the aspect ratios were limited in a 

narrow range 1-3. In comparison with the results in Table 4-2, there is a slight decrease 

for the texture coefficient, and several values are even far away from 90%. This suggests 

that the addition of tri-sodium citrate imposes an effect on the preferentially oriented 
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growth. With respect to the aspect ratio, the obtained values are reduced remarkably, 

which reflects that the aspect ratio can be controlled efficiently by the addition of tri-

sodium citrate.  

Table 4-3. Optimization design with detailed factors and the obtained responses 

Exp. No. Experimental factors 
TC002/ Aspect ratio/ D/µm 

c/M T/◦C t/h R/ 
C1 0.06 70 6 500 80,71 6.61 0.26 
C2 0.10 70 6 500 95,92 4.76 0.36 
C3 0.06 90 6 500 96,12 1.45 0.70 
C4 0.10 90 6 500 69,05 1.45 1.20 
C5 0.06 70 16 500 91,84 1.23 1.47 
C6 0.10 70 16 500 97,67 1.71 1.03 
C7 0.06 90 16 500 97,95 1.31 1.11 
C8 0.10 90 16 500 99,62 0.96 1.77 
C9 0.06 70 6 1500 71,27 1.57 0.71 

C10 0.10 70 6 1500 95,09 2.51 0.52 
C11 0.06 90 6 1500 92,53 9.28 0.29 
C12 0.10 90 6 1500 97,90 2.55 0.71 
C13 0.06 70 16 1500 98,58 2.20 0.73 
C14 0.10 70 16 1500 91,27 2.30 0.75 
C15 0.06 90 16 1500 98,89 7.92 0.31 
C16 0.10 90 16 1500 97,04 2.42 0.71 
C17 0.06 80 11 1000 98,24 2.20 0.80 
C18 0.10 80 11 1000 94,53 2.18 0.96 
C19 0.08 70 11 1000 83,39 1.63 0.99 
C20 0.08 90 11 1000 98,35 1.95 0.74 
C21 0.08 80 6 1000 98,41 4.78 0.43 
C22 0.08 80 16 1000 98,43 1.62 1.08 
C23 0.08 80 11 500 94,76 2.30 1.20 
C24 0.08 80 11 1500 99,67 3.00 0.66 
C25 0.08 80 11 1000 93,11 1.65 1.18 
C26 0.08 80 11 1000 95,42 1.84 1.12 
C27 0.08 80 11 1000 93,10 1.78 1.27 

4.5.1 Statistical analysis  

The model for the diameter is valid and adequate while the other two models are 

insignificant, according to the ANOVA results in Table 2 of Supplement V. The 

insignificance of the models of texture coefficient and aspect ratio is because that most 

values of these two responses are limited in a narrow range, while only a few values are 

scattered away from this region. So the effects of the reaction parameters are not 

significant enough to be detected in the selected range. Under this condition, these two 
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models could not be fitted by using MODDE. Alternatively, a new strategy “one-pair-at-

a-time main effect analysis” was used to identify suitable factor settings. The first sixteen 

experiments in Table 4-3 are employed to illustrate this method and the corresponding 

plots are shown in Fig. 4-9.  

 
Fig. 4-9. One-pair-at-a-time main effect analysis for the texture coefficient (A1-A4) and aspect 
ratio (B1-B4). 

According to Fig. 4-9, the changing tendency of the responses with the factors is 

complicated. However, the general tendency can still be identified. For instance, an 

increased concentration, an elevated reaction temperature, and a prolonged reaction time 

can promote the preferential growth along the [002] direction in most cases. Moreover, a 

well aligned growth with TC002>90% can always be obtained when the reaction 

temperature is set as 16 h. In contrast, the value of the texture coefficient is always below 

85% when the parameters are set as: c=0.06 M, T=70 °C and t=6 h. In terms of the aspect 
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ratio, it is increased with a shortened reaction time and an increased molar ratio of Zn2+ to 

the tri-sodium citrate. However, the precursor concentration and the reaction temperature 

do not impose obvious effects on the aspect ratio. Furthermore, a high aspect ratio larger 

than 8 can always be obtained by using the following parameters: c=0.06 M, T=80 °C 

and R=1500. 

The changing tendency of the diameter with the involved parameters is demonstrated by 

the response surface plots and the response 4D contour plot. Fig. 4-10 shows the response 

surface plots of the diameters. Since the interaction terms c*T, T*t, T*R and t*R were 

detected in the scaled and centered coefficients plot (Supplement V Fig. 1), the response 

surface plots using the corresponding parameters as axes are depicted in Fig. 4-10(a), (b), 

(c) and (d), respectively. The curved surfaces in the plots certify the existence of the 

interaction between the parameters. Obviously, the coarsening of the rods is favored by 

an increased precursor concentration (Fig. 4-10(a)), an elevated reaction temperature 

(Fig. 4-10(a)), and a reduced molar ratio (Fig. 4-10(c, d)). In addition, Fig. 4-10(b) and (d) 

indicate that an optimum region of 11-16 h for the reaction time exists to achieve the 

biggest diameters. 

 

Fig. 4-10. The response surface plots of the diameter. 
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Fig. 4-11 displays the response 4D contour plots of the diameters, which gives an overall 

view of the changing tendency of the response. The curved lines suggest the existence of 

interactions between the factors. In each plot, the combination of a low molar ratio and a 

long reaction time results in a large diameter. Comparing the three columns of plots, it is 

apparent that the diameter increases with an increased concentration. Apparently, large 

diameters can always be obtained when both the concentration and reaction temperature 

are set at a high level. This is consistent with the results obtained from Fig. 4-10(a). 

Besides, similar to the conclusion drawn from Fig. 4-10, an optimum region but a 

narrower one 11-13 h for the reaction time to achieve the largest diameter can be 

detected.  

 
Fig. 4-11. The response 4D contour plot of the diameter. 

4.5.2 Morphologies and structures 

With addition of tri-sodium citrate, dense microstructures can be achieved for all the 

samples and the structures are denser with an increased diameter. Fig. 4-12(a-d) reveals 

the morphology evolution with an increase of the diameter. The obtained rods are 

individual when the mean diameter is 0.29 µm, as observed in Fig. 4-12(a).                                                                                                

When the mean diameter is increased to 0.43 µm in Fig. 4-12(b), the rods start to merge 
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together. In Fig. 4-12(c), the diameter is further increased to 0.66 µm, and all of the rods 

are merged into each other to form a dense thin film, which can be observed from the 

corresponding cross-sectional SEM image. However, a further increase of the diameter 

will cause a secondary growth, as is shown in Fig. 4-12(d). Layered structures are 

produced on top of the rod arrays under this condition. The corresponding XRD patterns 

of the samples are shown in Fig. 4-12(e) to reveal the crystal structures. It is evident that 

all of the samples have a dominated preferential orientation along the [002] direction. 

More specifically, for samples C24 and C8, the (100) and (101) peaks are almost 

invisible and a perfectly (002) oriented growth was obtained. This is consistent with the 

morphologies observed from the corresponding cross sectional SEM images in Fig. 4-

12(c) and (d). In contrast, the appearance of (100) and (101) peaks in the patterns of the 

samples C11 and C21 indicates a slight inclination of the obtained rods.   

 

Fig. 4-12. Typical SEM images (a-d) and XRD patterns (e) of the obtained ZnO rod arrays. The 
insets in the SEM images are the corresponding cross-sectional images of ZnO rod arrays. The 
numbers denoted in the plots correspond to the sample numbers in Table 4-3.  

4.5.3 Summary  

Vertically aligned ZnO rod arrays with large diameters were successfully synthesized in 

this section with addition of tri-sodium citrate. The effect of the involved parameters on 
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the preferentially oriented growth, aspect ratio and diameter was investigated by using a 

statistical experimental design. The results show that the preferentially oriented growth 

along the [0002] direction is favored if the concentration, reaction temperature and 

reaction time are set at high levels while the molar ratio is set at a low level. Moreover, 

the aspect ratio can be increased by shortening the reaction time and increasing the molar 

ratio. Furthermore, the diameters of the obtained ZnO rods are increased with an 

increased concentration and a reduced molar ratio. There is an optimum region of 

reaction time 11-13 h to get the largest diameter. By using a high reaction temperature 

and a high precursor concentration, a large diameter can always be obtained. By combing 

the above results, in order to achieve ZnO rods with high preferential orientation and big 

diameter, the precursor concentration, the reaction temperature, the reaction time and the 

molar ratio should be set as 0.1 M, 90 ◦C, 16 h and 500, respectively. With the optimized 

parameters, the maximum value of texture coefficient and diameter can reach 99.62 and 

1.77 µm, respectively. Under this condition, the rods were merged together and a dense 

ZnO thin film was formed.   

4.6 Conclusions 

In this chapter, the growth of vertically aligned ZnO rod arrays was optimized with 

assistance of statistical experimental design. After several series of experiments, the 

growth quality of ZnO upright rods was improved dramatically. Besides, the effect of the 

involved parameters on the properties was explored and the changing tendency of the 

responses was mapped. This facilitates the discovery of the required parameters for 

specific response values. Moreover, the optimum range of factors to get the maximum 

response value was determined. With the optimized parameters, nearly perfect vertically 

aligned ZnO rod arrays were obtained. Subsequently, tri-sodium citrate was added to the 

reaction system to coarsen ZnO rods. After an optimization process, ZnO rods merged 

together to form a dense thin film with the optimized parameters. Furthermore, looking 

through the whole chapter, diverse aspect ratios were obtained, which can meet various 

demands of specific tasks. All the results show that statistical experimental design can 

systematically direct the solution growth of ZnO rod arrays and optimize the properties 

efficiently.  
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Chapter 5: Concluding remarks  

The thesis is based on the work of five supplements. Supplement I and II focus on the 

optimization of the processing technology to fabricate large-area monolayer arrays of 

silica spheres. The contents of these two supplements are summarized in chapter 3 of this 

thesis. The main work of Supplements III-V is optimizing the synthesis conditions of 

vertically aligned ZnO rod arrays. Chapter 4 in this thesis extracts the work in these three 

supplements. The main results of the supplements are concluded as follows: 

1. Synthesis of large-area monolayer arrays of silica spheres (Supplement I) 

(a) Two most influential parameters, RH and va, were screened out based on the 

results from the dual-speed spin coating system. Only two parameters need to be changed 

while the other factors can be kept constant, which makes the practical optimization 

process much easier. 

(b) 23% and 1000 rpm were identified as the optimal values for the relative humidity 

and the first rotation speed during the spin coating procedure, respectively. With these 

two optimized parameters, well-ordered monolayer arrays of silica spheres with a HCP 

percentage higher than 70% can always be obtained.  

(c) With the optimized parameters RH=23% and va=1000 rpm, a large area over 1 

cm2 of silica sphere monolayers was successfully fabricated. Moreover, the area of a 

defect-free domain of silica sphere monolayers was larger than 3000 µm2, which is 

remarkably larger than the previously reported values.  

2. Further optimization of the ordering degree of the monolayers (Supplement II) 

(a) The effect of the suspension concentration on the ordering degree of the 

monolayer was investigated and 30 wt.% was determined to be an optimal value.  

(b) With the further optimized parameters, the HCP percentage was increased to 

84.12% and the defect-free domain size was enlarged over 4000 µm2.  

3. Improvement of the growth quality of upright ZnO rod arrays (Supplement III)  

(a) Through several stages of optimization, the growth quality of upright ZnO rod 

arrays was enhanced remarkably from sparse or clustered ZnO rods to upright and dense 

ZnO rods. 
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(b) The boundary conditions to obtain vertically aligned ZnO rods were determined. 

To get dense upright ZnO rods, the precursor solution should be set as nearly neutral 

condition while the precursor concentration should not be lower than 0.02 M. 

(c) The effect of the involved parameters on the responses was investigated. Higher 

concentration and longer reaction time is advantageous to promote the preferential 

growth along the [002] direction. With respect to aspect ratios, an elevated reaction 

temperature can increase the aspect ratio while a too high precursor concentration will 

reduce the aspect ratio. Besides, there is an optimum region of 12-16 h for the reaction 

time to reach a high aspect ratio. 

4. Optimization of the properties of vertically aligned ZnO rods (Supplement IV) 

(a) An optimum zone in the selected region to achieve high properties was identified. 

The concentration should be close to 0.1 M, while the reaction temperature should be 

limited to 80-90 ◦C, to achieve the ideal preferential growth.  

(b) The changing tendency of the responses with the factors was plotted, which gave 

the researcher a direct view on controlling the factors according to specific demands. 

(c) With the optimized parameters, the maximum texture coefficients reached 0.998, 

and the aspect ratio was elevated to 21. Both of these values are largely optimized 

compared to the previous reported ones. 

5. Optimization of upright ZnO rod arrays with large diameters (Supplement V) 

(a) The diameter was controlled systematically through optimizing the involved 

parameters. The changing tendency was plotted to predict the required parameters to 

achieve a specific diameter.  

(b) Small aspect ratios were achieved through the addition of tri-sodium citrate. By 

combining the previous obtained large values, a large range of the aspect ratios 1-21 

could be obtained. These can meet the demands of various applications.  

(c) With the optimized parameters, the obtained ZnO rods were perfectly aligned 

upright to the substrate and the maximum diameter reached a value of 1.77 µm. Also, a 

dense ZnO thin film was formed under this condition because the rods were merged 

together.  



46 

 

Chapter 6: Conclusions 

6.1 Conclusions of research results 

Well arrayed structures including large area of silica sphere monolayers and vertically 

aligned ZnO rod arrays were successfully synthesized with the guidance of statistical 

experimental design. By combining with the previously reported growth mechanisms, the 

growth behavior of the arrayed structures was investigated systematically and thoroughly. 

The main results are concluded as follows: 

1. Synthesis of large-area silica sphere monolayers  

(a) In the dual-speed spin coating system, the accelerating rate, the second rotation speed 

and time were found to be non-significant parameters to the ordering degree of the 

obtained monolayers. Consequently, these parameters can be fixed, which will 

considerably reduce the degree of freedom of the practical optimization process.  

(b) The suspension concentration, the relative humidity and the first rotation speed were 

identified as the significant factors to the ordering structures. The corresponding optimal 

values of these parameters were also determined:  30 wt.%, 23%, 1000 rpm for the slurry 

concentration, the relative humidity and the first rotation speed, respectively.   

(c) With the optimized parameters RH=23%, va=1000 rpm and c=30 wt.%, a large area 

over 1 cm2 of silica sphere monolayers was successfully fabricated. Moreover, the area of 

defect-free domain of silica sphere monolayers was larger than 4000 µm2, which 

represents a remarkable increase compared to the reported values.  

2. Optimization of the growth quality of upright ZnO rod arrays  

(a) The boundary conditions to obtain vertically aligned ZnO rod arrays were determined. 

To get dense upright ZnO rods, the precursor solution should be set as neutral condition 

while the precursor concentration should be not lower than 0.02 M. 

(b) The effects of involved factors on the responses were detected, and the optimum 

regions for the factors to achieve optimal response values were determined. The 
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concentration should be close to 0.1 M, while the temperature should be controlled in the 

range of 80 ◦C to 90 ◦C to get highly oriented upright ZnO rods.  

 (c) With the optimized parameters, the maximum texture coefficients reached 0.998, and 

the aspect ratio was elevated to 21. Both of these values are larger than the previously 

reported ones. 

(d) After high quality ZnO upright rod arrays were achieved, tri-sodium citrate was added 

to the reaction system to obtain thicker rods. Through an optimization process, the 

diameter was controlled systematically and the maximum diameter reached a value of 

1.77 µm. The coarsened rods merged together to form a dense ZnO thin film. 

To conclude, statistical experimental design is an effective approach to guide the growth 

of well arrayed structures. With its assistance, the influential parameters can be quickly 

found out and the effect of them can also be determined. With the optimized parameters, 

the properties can be enhanced efficiently.  

6.2 Comments on statistical experimental design method 

Based on our investigations in this thesis, some comments are proposed regarding the 

statistical experimental design method, which might be helpful for the researchers who 

will employ this method in the future. The advantages and disadvantages of this method 

may be summarized as follows: 

1. Advantages:  

The statistical experimental design strategy has plenty of advantages, which can be 

observed through our work. This approach can optimize not only the processing 

technology (chapter 3) but also materials synthesis conditions (chapter 4). By employing 

this method, the work can be conducted systematically and thoroughly. The influential 

factors can be quickly screened out of multiple assumed parameters. The changing 

tendencies of the responses can be plotted, which gives a direct insight on controlling the 

parameters according to the specific demands. The optimized parameters to achieve 

optimal responses can be identified based on only a few experiments.  

2. Disadvantages: 
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Although the statistical experimental design method has lots of advantages, some 

disadvantages should be noted. Firstly, in order to guarantee the accuracy of the design, 

all the experiments should be conducted in a system without other interferences. On this 

condition, each experiment needs to be repeated several times to ensure the 

reproducibility of the results. Secondly, the influence of each factor on the responses 

varies a lot. With respect to the very sensitive parameter, its boundary value to achieve 

the wanted response should be determined firstly. Otherwise, a number of unnecessary 

experiments would be performed, which is time- and cost-consuming.  

In summary, although there are some disadvantages of the statistical experimental 

method, this approach is still feasible to be employed in academic studies. Efforts should 

be paid to avoid the disadvantages before conducting series of experiments. Then optimal 

results would be achieved efficiently.  
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Chapter 7: Future work 

The present work was concentrated on the fabrication of well arrayed structures with 

assistance of statistical experimental design. Base on the obtained results, the following 

aspects could be studied in the future.  

1. Efforts can be put to synthesize large-area monolayer arrays of other kinds of colloidal 

sphere monolayers like polystyrene (PS) spheres with assistance of this effective 

statistical experimental design strategy. Moreover, spheres with different diameters can 

be employed to study the mechanisms more thoroughly.  

2. In the current work, free-standing ZnO rods could not be obtained on the top of present 

ZnO seed layers. New seeding methods can be explored to fabricate a homogenous thin 

film of ZnO seeds. Then free-standing ZnO rods might be achieved through an 

optimization process.  

3. The two parts in this work can be combined together in the future. The monolayer can 

be used as a template to facilitate the ZnO rods growth. In this manner, the obtained ZnO 

rods may have in-plane orientation and a dense thin film with few defects can be formed 

through coarsening the rods.  
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