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A unique microreactor-assisted nanomaterial synthesis and printing process 

was studied for the fabrication of patterned metal oxide nanostructured thin films. The 

process uses a continuous flow microreactor to control and generate a reactive chemical 

flux that was transported to a patterned microfluidic channel. The microreactor-assisted 

nanomaterial synthesis process can generate reactive building blocks, ranging from 

ions, molecules, and clusters to nanoparticles with consistent composition and constant 

concentration. The reactive solution was then delivered to the substrate surface, guided 

by a patterned microchannel. The growth kinetics of the nanostructured ZnO on silicon 

wafers were studied by measuring the thickness of the film using the stylus profiler and 

scanning electron microscope under various growth conditions using the microreactor 

and the microchannel made of polydimethylsiloxane (PDMS). The process contains 

three zones: a mixing zone, a reactant generation zone, and a deposition zone. This 

process allows a separation of the homogeneous reaction in the solution and the 

heterogeneous reaction on the substrate surface, resulting in a well-controlled growth 



 

of the ZnO nanostructures on the substrate surface so that the growth mechanisms and 

kinetics can be studied. Different growth parameters, including flow rate, residence 

time, the temperature of both the chemical solution and the substrate, are varied to study 

the growth kinetics.  

The flow rate is one of the key parameters. A higher flow rate can result in faster 

growth of ZnO nanostructures, while a lower flow rate will result in a longer residence 

time of the chemical solution within zone 2 which can lead to the homogenous 

formation of solid nanoparticles and reduce the concentration of reactive Zn(OH)2 (aq). 

This finding is further supported by growth experiments using reactors with different 

reaction channel lengths at zone 2. Besides, the thickness of rectangular patterned ZnO 

nanostructured films show a saddle-shaped profile, which is thinner near the center. 

This thickness profile is a result of combined heat and mass transfer of the reactive 

solution within the patterned channel, as qualitatively supported by COMSOL 

simulations. By measuring the growth rates as a function of substrate temperatures, the 

activation energy of the rate constant is obtained at 22.65 kJ/mol. This process not only 

provides better control to fabricate patterned metal oxide nanostructures but also offers 

the unique capability to study the growth mechanisms.  

The improved understandings were applied to demonstrate a novel, scalable 

process to fabricate ZnO nanostructures with multiscale 3D geometric shapes. In 

particular, the precursors were firstly mixed and heated in a microreactor to control 

solution temperature and to generate reactive species. The reactive solution was then 

delivered to the substrate surface guided by a patterned PDMS channel with different 

designs, including spiral, parallel lines, and the split-and-recombine pattern. ZnO 



 

nanostructures with multiscale 3D geometric shapes were formed along the patterned 

channel. It is found that the geometry of ZnO nanostructure is controlled by the channel 

geometry, flow rate, and substrate temperature. The stylus profiler measures film 

thickness, and the result shows the unique characteristics of each pattern type. With the 

aid of the COMSOL Multiphysics finite element analysis, the parameters that control 

the growth are studied: in the spiral pattern, the consumption of the reactant can result 

in a thinner film as the solution flows through the channel. In the parallel-design pattern, 

the film thickness is determined by the flow rate of the solution in each channel in 

parallel. With the channel narrowed and the flow rate reduced, a thinner ZnO 

nanostructured film is obtained. In the split-and-recombine design pattern, the film 

growth rate is halved as the channel split and doubled back as the channels re-combined. 

The temperature profile within the channel is another critical parameter of controlling 

the growth of ZnO nanostructures in all dimensions. This scalable process, aided with 

new understandings, will provide a unique capability to fabricate metal oxide 

nanostructures of controlled multiscale 3D geometric shapes.  

Besides ZnO, the microreactor-assisted nanomaterial synthesis and printing 

process was used to deposit patterned CuO and Cu2(OH)3NO3 nanostructures on 

surface, including dense nanocrystalline CuO film, CuO nanorods, Cu2(OH)3NO3 

nanorods, and Cu2(OH)3NO3 nanoplates using the same reactants, Cu(NO3)2 and 

hexamethylenetetramine (HMTA). The critical process parameter that controls the 

formation of different products is the concentration of the OH- in the solution, which 

can be controlled by the ratio of the reactants and the temperature of the microreactor. 

The high concentration of OH- leads to the formation of Cu(OH)2, which is then 



 

converted to CuO on the heated substrate surface. In contrast, the low concentration of 

OH- leads to the formation of Cu2(OH)3NO3. These results show the applicability of 

the microreactor-assisted nanomaterial synthesis and printing process to deposit metal 

oxide nanostructures with controlled structure and composition. 

  The utility of microreactor-assisted nanomaterial synthesis and printing process 

was demonstrated via the fabrication of heterojunction ZnO/CuO bi-layer film. The 

bilayer film was built by depositing a patterned nanocrystalline CuO film on a gold-

coated glass surface using the microreactor-assisted nanomaterial synthesis and 

printing process, followed by the deposition of ZnO nanostructured film with a smaller-

size pattern using the same process. The heterojunction ZnO/CuO bi-layer film shows 

rectifying behavior; it allows currents to flow when forward biased and passes only low 

leakage currents with reverse bias; the p-n diode has a rectification ratio around 104, 

which is comparable to the values among the best solution-processed p-n junction 

diodes. The results of this study demonstrate the capability of our microreactor-assisted 

nanomaterial synthesis and printing process to fabricate structured thin films for 

functional devices. 
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Growth, Characterizations, and Applications of Patterned 

Nanostructured Thin Film  

CHAPTER 1: INTRODUCTION 

1.1 Thin film deposited by solution method 

Solution method is one of the chemical methods that using the dissolved chemical 

reactants to form a thin film on the surface of a substrate, through chemical reactions 

either occurring directly on the interface between the solution and the solid substrate, 

or in the solution phase and precipitate onto the substrate. The solution method has 

been widely used to fabricate the metal oxide and chalcogenide functional thin films, 

such as ZnO, TiO2, CuS, SiO2, and CdS. Those oxide or sulfide thin films have been 

intensely researched in many fields and have shown important applications such as the 

light-absorbing layers or electron transporting layers in solar cells, channel layers for 

the thin film transistors, antireflective coatings and sensors.  

Unlike the physical methods, such as the sputtering or thermal evaporating methods 

that require high vacuum (≤10-6 mPa)1, high temperature, and high purities of materials 

(≥99.999%)2, the solution method can take place under relatively low temperature 

(usually lower than the boiling temperature of the solvent) and ambient pressure, which 

makes it an attractive method to deposit thin film at a low cost. Also, due to the different 

reaction path, various of the nanostructures of the thin film can be fabricated, including 

the rod-shaped, spherical, or cubic nanostructures. 

A solution method to deposit thin film always involves chemicals and chemical 

reactions, and a chemical reactor is where the chemical reaction takes place. There are 
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three basic types of the chemical reactors: batch, continuous-stirred-tank, and plug flow 

reactors.3 Many complex chemical reactors can be simplified and decomposed to these 

simple reactors. Usually chemical batch deposition method and plug flow reactors are 

used to deposit thin films. 

1.2 Thin film deposited by batch reactor 

1.2.1 Mechanisms of chemical batch deposition (CBD) 

In a typical CBD process for the metal chalcogenide thin film deposition, the metal salt 

and the chalcogen source are dissolved into the solution along with the immersed 

substrate. The metal ions can form the metal complex with a complexing ligand in the 

solution to a lesser or greater extent. The ligand could be the solvent itself, such as the 

polarized water molecule or the other added complexing agent, for example, NH3. 

Those metal complexes undergo reversible reaction to release the metal ions and 

complexing ligands, and eventually reach the equilibrium state where both the metal 

ions and metal complexes are existed in the solution at a certain concentration. The 

complexes formed in the solution play an important role in CBD process, for example, 

the amount of the metal ions in the solution is reduced to prevent rapid precipitation of 

the final product. The metal ions are released into the solution in a slowed rate so that 

the overall reaction can be smooth and stable. Sometimes, the complexing agent added 

into the solution can also control the growth of the nanostructures, for example, during 

the formation of the ZnO nanorods grown by CBD process, the 

hexamethylenetetramine (HMTA) shows a strong hindrance effect and can guide the 

growth of the ZnO nanorod in some certain direction.4 
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However, the solution cannot maintain stable forever due to the existence of the 

chalcogen ions or hydroxide ions. The metal ions and the chalcogen or hydroxide ions 

can form the nanoparticles in a certain reaction rate, depending on the temperature and 

concentration of the reactants. During the initial stage of the formation of the 

nanoparticles, the nuclei are formed due to the collision between individual ions or 

molecules, which is called as a nucleation process. The nucleation process can either 

occur in the solution phase, which is called homogeneous nucleation, or occur on the 

surface of the substrate, which is called heterogeneous nucleation. The heterogeneous 

nucleation occurs on the surface to reduce the surface energy. Usually, both types of 

nucleation processes co-exist in solution and compete to form the nuclei in solution and 

on the substrate. 

After the formation of nuclei in the solution, the nuclei undergo a crystal growth 

process to increase the size and further form a nanocrystal. There are several paths to 

form the nanocrystals, either by adsorption of ionic species from the solution, or by 

aggregation of the nuclei and further form larger nanocrystals. Again, the growth of the 

crystals can either occur in the solution phase or at the interface between solution and 

substrate, to eventually form a precipitation of the nanoparticles or the thin film. 

There are four basic mechanisms to consider in a  CBD process: 1) the simple ion-by-

ion mechanism, where the final product is formed by ionic reaction and the major 

reactants are molecules or ions; 2) the simple cluster mechanism, where a solid phase 

is formed first and followed by substitute reaction to form final product; 3) the complex 

decomposition ion-by-ion mechanism, where the complexes are formed firstly, 
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followed by decomposition of the complex to form the final product; 4) the complex 

decomposition cluster mechanism, where the conversion of the product is from the 

solid intermediate.5 

Notably, it is very rare to isolate only one mechanism in a CBD process, in most case 

all the mechanisms occur during the formation of the thin film, but to a different degree. 

1.2.2 Reaction kinetics of the batch reactor 

A batch reactor is the simplest reactor, where all the reactants are put into a container, 

with a stir bar to promote the mixing of the solution. The container can be optionally 

heated to maintain the solution in some certain temperatures for the reaction to carry 

on. The CBD process mentioned above often takes place in the batch reactor, as the 

indicated by the name. Therefore, the material balance for the CBD process can be 

modeled by using the batch reactor. 

To gain some insights into the kinetics of the bath reactor, the batch reactor is assumed 

to be well-mixed and the volume of the reactor is also a constant. The reaction is 

assumed to be the first order, irreversible reaction as shown below: 

 A Bk⎯⎯→  (1.1) 

The concentration of the reactant A with the time can be calculated based on the mass 

balance: 

 A
A

dC
kC

dt
= −  (1.2) 
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where k is the reaction rate constant, and can be represented by using the Arrhenius rate 

expression: 

 exp aE
k A

RT

 
= − 

 
 (1.3) 

where the A is a pre-exponential factor depending on the frequency of the collision 

among atoms and molecules, Ea is the activation energy, which is the minimum energy 

for a reaction to occur.  R is gas constant, and T is the temperature. From the Arrhenius 

expression, the reaction rate constant is temperature dependent. 

The concentration of the reactant changing with time (t) can be solved as: 

 ( ),0 expA AC C kt= −  (1.4) 

where the CA,0 is the concentration of the reactant A in the initial stage. From the 

equation, it can be found that the concentration of the reactant A is decreasing 

exponentially with the increasing of time. As a result, if there is only one reactant in 

the solution, the growth rate of the film cannot reach to a steady state. However, in the 

CBD process, several reactants are added to the reactor, multiple reactions will take 

place in series or parallel with different reaction rates. In addition, reversible reactions 

can occur, and their equilibrium state can be reached in a different time scale. Thus, the 

overall reaction rate for the final product can be potentially estimated. For example, 

Zhou & Deng studied the ZnO nanorod formation in solution by assuming a quasi-

steady state reaction and achieve three first-order reactions to describe overall 

reaction.6 In this way the growth rate of ZnO nanorod can be estimated by knowing the 

reaction temperature and starting concentration of the species. 
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1.2.3 Examples of the thin films deposited by CBD 

Efforts have been made to study the CBD process for the thin film. For example, Vas-

Umnuay & Chang used the quartz crystal microbalance (QCM) to study the growth 

kinetics of the copper sulfide thin film by CBD process.7 In the experiment, the copper 

sulfate (CuSO4) was used as the metal ion source, and thiourea as the chalcogen ion 

source, which will undergo a hydrolysis in the water solution. The ammonium 

hydroxide (NH4OH), sodium acetate (CH3COONa) were added as the complexing 

ligands. The study focused on the kinetics of the formation of the copper sulfide film, 

by using the QCM to monitor the growth rate of the film. 

Another material deposited by the CBD process is the CdS thin film, which is a window 

layer for the CdTe or CuInSe solar cells.8 There are different mechanism and pathways 

to form the CdS, including the ion-by-ion reaction between free Cd2+ and S2- ions to 

form the CdS, or the clusters reaction where the Cd(OH)2 formed from hydrolysis 

reacts with the S2- to produce the CdS. It can also form an intermediate compound, 

CdSC(NH2)2
2+ and then breaking the bond to form CdS.9  

Silver thin film can also be formed through CBD process by using the glucose to reduce 

the Ag+ ion to Ag. This reaction is called Tollens reaction.10 In this process, the silver 

nanoparticles can also undergo both homogeneous and heterogeneous reaction, to form 

the silver thin film on the substrate surface. However, the heterogeneous deposition can 

be limited, and the homogeneous reaction can be well controlled by introducing the 

metal seeds and ligands into the solution. The metal seeds mainly work as the 

nucleation sites for the homogeneous reaction to occur. It also can determine the 
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structure of the silver nanocrystals, so that the different shapes such as silver nanowires 

or silver nanocubes can be formed.11 The ligand, usually the polyvinylpyrrolidone 

(PVP) mainly works as the capping agent for the crystal growth. The PVP will interact 

strongly on some certain face to limit the contact between the reactants from the 

solution and the crystal surface, and the silver crystal will only grow on one direction 

to eventually form the silver nanowire.12 

1.3 Thin film fabricated by continuous flow 

One disadvantage of the batch reactor is that it cannot generate the final product in a 

constant rate, as it can be found from equation (1.4), where the concentration is 

changing with time, and eventually the reaction will be terminated as the reactants 

depleted. Also, with the concentration of the reactants changing with time, multiple 

reactions can occur in the batch reactor, which makes it difficult to control the final 

product.  

To overcome these disadvantages, the continuous-stirred-tank reactor (CSTR) is used. 

A typical CSTR has at least one feed flow and one out flow connected to a container. 

In this way, the reactants are entering to the reactor continuously, while products and 

unreacted species are leaving the reactor at the same time.  

1.3.1 Reaction kinetics of the continuous flow reactor 

For a same first-order, irreversible reaction as equation (1.1) in a CSTR with a constant 

volume and well mixed solution, the mass balance for the reactant A is: 

 0 ,0
A

A A A R

dC
F C FC R V

dt
= − +  (1.5) 
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F0 and F is feed in flow rate and out flow rate and have a same value if the reactor 

volume VR is kept constant. CA,0 is the concentration of reactant A before entering the 

reactor, and CA is the concentration of reactant A in the reactor, assuming a well-mixed 

solution in the reactor. RA is the reaction rate of reactant A. The reactor can reach the 

steady state, and the concentration of reactant A can be obtained by setting equation 

(1.5) to 0, which yields: 

 ,0
A R

A A

R V
C C

F
= +  (1.6) 

From equation (1.6), the concentration of the reactant is a constant independent of time. 

It is possible to achieve a growth of thin film in a steady rate by using a continuous 

flow, since the concentration of the reactant is not changing with time. 

Similar to the CSTR, a plug-flow reactor (PFR) has both inlet flow and outlet flow, but 

the reactor itself is a tubing. Also, an ideal-flow assumption is applied to the PFR, so 

that the solution in the tubing is assumed to be well mixed in the radial and angular 

directions.5 

Again, for a first-order, irreversible reaction (1.1), the mass balance for the reactant A 

can be written as: 

 A A
A

C C v
R

t z

 
= − +

 
 (1.7) 

where z is the direction of the flow, v is the velocity. 

For a PFR in a steady state, by setting 0AC

t


=


, yields: 
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 A
A

dC
R

d
=  (1.8) 

where L v = is the residence time. 

Solving equation (1.8) gives: 

 ( ),0 expA AC C k= −  (1.9) 

For the equation (1.8) and (1.9), it can be found that at steady state, the concentration 

of reactant is different along the flow direction, but remains constant with time. Similar 

as deposition process in a bath reactor, the deposition process by continuous flow also 

involves the nucleation and growth of the nanoparticles. There are two major 

advantages of the deposition process by continuous flow: 

1) The concentration and the composition of the solution leaving the reactor is constant. 

In a bath reactor, the reactants concentration is changing with time, as shown in 

equation 1.5. While in a continuous flow reactor, the convection and the reaction can 

reach a balance state, so that the concentration and the composition of the solution is 

fixed, which enables a continuous growth of the film. 

2) The composition of the precursor solution can be easily controlled by the residence 

time. The residence time ( L v = ) mainly determines the total time that a fluid flows 

through a reactor. By controlling the residence time, different stages of the growth of 

the crystal can be isolated, resulting in a formation of the building blocks ranging from 

the ionic reactants, nuclei, or nanocrystals. Those building blocks can be further 

supplied to the substrate for the growth of the film. Since the formation of these 
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building blocks can be controlled and fixed at a constant concentration, it is possible to 

identify which building block leads to the growth of the deposition of the film, which 

can provide some insights on growth mechanism of the film. A schematic illustration 

has summarized the three different types of the reactors in Figure 1. 

 

Figure 1: Schematic illustration of the three different types of the reactors 

 

1.3.2 Example of thin film deposited by continuous flow 

Different thin film materials have been deposited by continuous flow reactor. For 

example, silver nanowires can be synthesized by a polyol reduction method through a 

continuous flow reactor.13 The result shows a higher conversion and yield by using a 

continuous reactor than a regular bath reactor. McPeak & Baxter reported the 

deposition of the ZnO nanorod on a heated silicon wafer by using a continuous flow 

microreactor to flow the precursor solution through a channel and showed that the 

growth mechanisms and material properties varied along the length of the substrate.14 

Choi et al. demonstrated that highly conductive silver can be fabricated by using a 

microreactor-assisted printing process where the mixed solution by continuous flow 
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was directly delivered onto glass or polymeric substrates to deposit dense and uniform 

silver.15 Other thin films deposited by continuous flow, such as CdS and CuS have also 

been reported.16,17 

The residence time plays an important role in microreactor system. For example, Su et 

al produced CdS nanoparticles in a continuous flow microreactor and found that the 

particle size increased with the residence time.18 And they also proposed the growth 

mechanism for the formation of the CdS nanoparticles is the barrier-controlled 

coalescence. He et al synthesized hollow silica nanoparticles using a microreactor-

assisted system and by controlling the mixing process, different pathway of hollow 

silica nanoparticle formation can be achieved.19 The continuous flow in a channel can 

also be applied for the assemble the one-dimensional structures, for example, 

nanowires can be assembled into parallel arrays by the fluidic flow.20 

In this study, the microreactor-assisted nanomaterial synthesis process is combined 

with a polydimethylsiloxane (PDMS) channel to print patterned thin film on a substrate. 

In the process, the precursor solution with the controlled composition and concentration 

is firstly generated by microreactor process, and then supplied to the channel made by 

PDMS and the substrate surface. As the solution flows through the channel, a surface 

reaction occurs on the substrate surface, which enables the thin film deposition on the 

substrate. What’s more, as different channel shapes can be designed, different patterns 

of the thin film can be left on the substrate surface after the solution flow through the 

channel. By applying this process, different nanostructured thin film including ZnO 

and CuO are successfully deposited onto various substrates. The growth kinetics and 
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mechanisms are studied by controlling the film deposited under different conditions, 

including the different flow rates, different growth temperatures, and the different 

initial concentrations of the reactants. Different functions of the patterned 

nanostructured thin film are also investigated in this study.  

 



13 

 

CHAPTER 2: FABRICATION OF PATTERNED ZNO 

NANOSTRUCTURES BY USING MICROREACTOR-ASSISTED 

NANOMATERIAL SYNTHESIS AND PRINTING PROCESS 

2.1 Abstract 

In this study, we developed a method to fabricate a patterned ZnO thin film by using a 

combination of microreactor-assisted deposition process and microfluidic channels. 

This method allows a separation of the homogeneous reaction in the solution and the 

heterogeneous reaction on the substrate surface, resulting in a well-controlled growth 

of the ZnO on the substrate surface so that the growth mechanisms and kinetics can be 

studied. The microreactor assisted nanomaterial synthesis process can generate 

nanoscale building blocks with controlled sizes, ranging from molecule clusters to 

nanoparticles with constant concentration and compositions. Those nanomaterials 

serve as building blocks and can be delivered to the substrate surface through the 

microfluidic channels for the thin film growth. The microfluidic channels were made 

of cured polydimethylsiloxane (PDMS) by using a replication from a patterned SU-8 

photoresist-coated glass. The growth kinetics of the ZnO on silicon wafers were studied 

by measuring the thickness of the film using the stylus profiler and scanning electron 

microscope under various growth conditions controlled by using the microreactor and 

the PDMS channel. 

2.2 Introduction 

ZnO has attracted enormous attentions as an important multifunctional material due to 

its unique chemical, electrical and optical properties that have found applications in the 

areas such as cosmetics, photocatalysis, sensors, solar cells, transistors, and 
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piezoelectric transducers. Also, ZnO is earth abundant, low cost, and facileness to make. 

ZnO is an n-type material with a band gap of 3.37eV and a large exciton binding energy 

of 60 meV.21 ZnO can exist in three different crystal structures, including the hexagonal 

wurtzite, cubic zincblende and rocksalt. The hexagonal wurtzite is the most 

thermodynamically stable structure at the room temperature, where a number of 

alternating planes composed of tetrahedrally coordinated O2- and Zn2+ ions stack 

alternately along the c-axis.22  ZnO can be synthesized into different nanostructures, 

including the one dimensional structure such as ZnO nanorods or nanowires23, two 

dimensional structures such as ZnO nanosheet or nanoplates24, and three dimensional 

structures such as nanoflowers25 or spheres.26 ZnO nanostructures with different 

morphologies, sizes, surface areas and activities demonstrate different chemical and 

physical properties. Owing to its diverse morphologies and properties, ZnO has found 

applications in many areas: for example, ZnO nanorod can work as a photoelectrode 

for dye sensitized, quantum dot, organics or perovskite solar cells, where the one 

dimensional ZnO nanorod offers a fast electron transport pathway.27,28 In addition, ZnO 

nanostructures have also been widely studied as a photocatalyst material due its ability 

to generate the OH· radicals on the surface, which can be used to decompose the 

organic pollutants. The morphologies of ZnO nanostructures play an important role in 

the photocatalytic performance and have been intensely studied to enhance its 

performance by increase its surface to volume area with active catalytic sites.29,30 Also, 

the ZnO nanostructures can be used in gas sensors, where the absorbed gas molecules 

on the ZnO surface can alter its electrical conductivity. The amount of the absorbed gas 

molecules depends on the morphology of the ZnO nanostructure, thus influence the 
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sensing performance.31,32 ZnO nanostructures have also been fabricated in light 

emitting diodes33 and piezoelectric nanogenerators.34 

The many promising applications of ZnO nanostructures have driven the development 

of various processes to fabricate ZnO nanostructures with a plethora of morphologies, 

including hydrothermal synthesis25,35, chemical vapor deposition36, physical vapor 

deposition, and atomic layer deposition.37  In the hydrothermal method, the ZnO 

nanostructure growth process is carried out in the solution phase, where the Zn source 

is dissolved in the solution. While in chemical vapor deposition process or atomic layer 

deposition process, the reaction is carried out in the gas phase in a closed chamber. 

Comparing to reaction in the gas phase, solution-based processes have been extensively 

studied, due to its ease to operate, low cost and capability to generate different 

nanostructures by controlling the reaction conditions.31,38–40 For example, Amin et al. 

has shown that in a hydrothermal deposition process, ZnO with nanotetropod-like, 

flower-like, and urchin-like structures can be obtained by controlling the pH, the 

concentration, the reaction time and the growth temperature.41 In addition, efforts have 

been made to grow patterned ZnO thin film with different nanostructures by using ink-

jet printing42, microcontact printing, and lithography.43 The ability to fabricate 

patterned ZnO nanostructured thin films is one of the key enablers of making functional 

ZnO-based devices, such as the ZnO stretchable energy harvesting device44, solar cells, 

light emitting diodes, sensors or field emission devices.45  

In order to have a better understanding and better control of the ZnO growth process, a 

few studies have focused on the growth mechanism and kinetics. For example, Zhou et 
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al. developed a kinetics model by assuming a first-order reaction mechanism to fit the 

experimental result and estimated the growth kinetics of the ZnO nanorods.6 Boercker 

et al. discovered the growth of the ZnO in the solution was limited by mass transport 

of the Zn2+.46 Viswanatha et al. investigated the growth of ZnO nanocrystals from 

solution and estimated the activation energy by using the Lifshitz-Slyozov-Wagner 

theory.47 Those studies have given some insights of the kinetics and mechanisms of the 

ZnO growth.  

Recently, we have demonstrated the fabrication of patterned nanostructured thin films 

by using a Microreactor-Assisted Nanomaterials Synthesis and Printing process. The 

process utilizes a microreactor system to generate a solution containing reactive 

nanobuilding blocks which is then delivered to a substrate surface guided by a 

microchannel. This process has been demonstrated to be an efficient approach to 

fabricate the thin films14,48,49 that enables the precise control of the reaction parameters 

while reduces the byproduct formation.50 It also provides a unique opportunity to study 

the reaction mechanisms, including the reaction kinetics. In particular, the continuous 

flow microreactor is capable of generating and transporting a chemical reactive solution 

with a well-controlled concentration, and temperature. Furthermore, the separation of 

reactant generation and heterogeneous surface reaction allow the possibility to 

decouple the homogeneous reactions for the reactant production in the solution from 

the heterogeneous surface reactions associated with the film formation. In contrast, the 

concentration of the reactants in a batch reactor is constantly changing as a function of 

reaction time. In this work, the growth kinetics of patterned ZnO nanowire arrays were 

studied by characterizing the nanostructured ZnO films from various processing 
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conditions and supported by process simulations using COMSOL Multiphysics 

program. 

2.3 Experimental and Simulation Methods 

2.3.1 ZnO deposited by continuous flow and PDMS channel 

 

Figure 2: Setup of the microreactor-assisted nanomaterial synthesis and the printing 

process 

The overall ZnO thin film growth setup was illustrated on Figure 2. The setup contains 

three zones, a mixing zone (zone-1), a reactant generation zone (zone-2), and a 

deposition zone (zone-3). The recipe is similar to the one reported in the literature51: 

0.2195 g of zinc acetate (Zn(CH3COO)2·2H2O, Sigma) and 0.1925 g of ammonium 

acetate (CH3COONH4, Mallinckrodt Chemicals) dissolved in 200 ml of deionized 

water to form solution A and 0.8 g of sodium hydroxide (NaOH, Macrom Fine 

Chemicals) dissolved in 200 ml of deionized water to form solution B. The two 

solutions, solution A and B, were pumped into two PVC tunings separately and then 

mixed through a micro-T-mixer. The chemical mixture was then passed through a 

helical structured reactor made by wrapping a PVC tubing with 1/16 inch in inner 
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diameter around a cylinder. The length of the PVC tubing was varied during the process 

in order to control the residence time and the solution temperature. The temperature of 

the reactor was controlled by immersing the PVC tubing in a water bath, sitting on a 

temperature-controlled hot plate. 

The precursors for the growth of ZnO nanorods, formed in the zone-2 microreactor, 

were then supplied to the zone-3 microchannel for the growth of patterned ZnO 

nanorods on the substrate. The microchannel was sandwiched between the substrate 

and a polycarbonate holder to act as both a fluidic channel and a patterning tool. The 

growth of patterned ZnO nanorods were carried out on the substrate by varying the 

substrate temperatures, the deposition time, the tubing length and the solution flow rate 

to study the kinetics of the patterned ZnO nanorod film formation process. 

Before the growth of the ZnO thin film, a ZnO seed layer was firstly formed on the 

substrate surface by spin coating a 0.025 M of zinc acetate (Zn(CH3COO)2·2H2O, 

Sigma Aldrich) in ethanol solution followed by annealing the substrate at 250 °C in the 

air for 1h. The main purpose for this seed layer is to provide a nucleation sites for the 

growth of ZnO nanorods. 

2.3.2 Characterization methods for the film 

The morphology of the film was characterized using a scanning electron microscope 

(SEM, FEI QUANTA 600 FEG environmental SEM) with an accelerating voltage of 

10 kV. The substrates were cut through the center of the film and were placed into the 

SEM chamber with a tilted angle of 45 degree. In this way, the actual distance is always 

1.41 times the observed distance. In this paper, all the presented thickness of the film 
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was after correction.  X-ray diffraction analysis (XRD, Bruker-AXS D8 Discover) was 

used to characterize the crystal structures of the ZnO film. The absorption properties of 

the ZnO film were measured by a UV-Vis spectrophotometer (Jasco, V-670). The 

thickness of the film was measured by a programmable stylus profiler measuring 

system (Dektak 8).  

COMSOL simulation was applied to study the heat transfer and solution transport 

phenomenon in zone-2 and zone-3. In the simulation, a laminar flow with different 

flow rate was passing through a tubing with controlled wall temperature. In this way, 

the solution temperature leaving the zone-2 can be estimated according to the 

COMSOL simulation result. Also, the temperature distribution in the channel in zone-

3 was also estimated. 

2.3.3 Process to make the PDMS 

Schematic diagrams showing the fabrication process of PDMS microchannel are given 

in Figure 3. The method to make the microchannel is similar to the method described 

in the literature to make the PDMS stamp in soft lithography.52 An SU-8 master was 

firstly created on a silicon wafer. The target thickness of the PDMS microchannel is 

about 1000 µm. In order to achieve a thickness of 1000 µm of SU-8 on the silicon wafer, 

a 1.5 × 1.5 × 0.4 inch of PLA plastic framework was firstly glued on the wafer surface 

as shown in Figure 3. This framework mainly worked as a block to prevent the 

movement of the uncured SU-8 since 1.68 g of SU-8 in an area of 15 cm2 is needed to 

achieve 1 mm thick of SU-8 film. The SU-8 2010 (Micro Chem) was poured onto 

silicon wafer in the area surrounded by the framework. The SU-8 was under soft bake 
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at 60 °C for 12h, and then the SU-8 was exposed UV light with a patterned mask 

covered on the top. The SU-8 under exposure of UV light was cured and hardened. 

After curing, the SU-8 was moved to oven under 60 °C for hard bake for 1h. The SU-

8 developer (Micro Chem) was used to remove uncured SU-8 and an SU-8 line with 

thickness and width of 1mm, and length of 19 mm was coated on the wafer. To fabricate 

the PDMS channels, PDMS (Sylgard 184, Dow Corning) and PDMS curing agent 

(Dow Corning) were mixed in a ratio of 10 to 1. After degasification for 1 hour, the 

mixture was poured onto the SU-8 master and annealed at 80℃ for 15 min, where 

liquid PDMS turned into elastic solid. The channel was left on the PDMS after removed 

from the wafer. 

 

Figure 3: Schematic diagrams showing the fabrication process of PDMS microchannel 
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2.3.4 Growth mechanisms 

In our process, the reactor contains three zones, a mixing zone, a reactant generation 

zone, and a deposition zone. Two solutions containing Zn2+ ions and OH-  were brought 

into contact via a T-mixer, a series of reactions occur in the mixed solutions, in zone-

2, to form  a variety of reacting species including Zn(OH)2, which is considered as the 

major precursor for the formation of ZnO.35-38 Formation of ZnO nanoclusters  and 

nanoparticles can also occur in zone-2 if the processing condition allows. The 

formation of these species, such as ZnO nanoclusters and nanoparticles, will lead to the 

reduction of Zn(OH)2 concentration. 

When delivered to the PDMS channel in zone-3, the Zn(OH)2 precursor in the solution 

can react on the substrate surface, due to the existence of the seed lays formed 

previously by spin coating. The seed layer serves as the nucleation sites for the 

formation of the nanorods and is essential for the oriented growth the film.53–55 In this 

study, the formation of ZnO on the substrate surface is considered as the first-order 

reaction kinetics, where the reaction rate is only a product between the concentration 

of the Zn(OH)2 on the substrate surface and the reaction rate constant k. The reaction 

rate constant k is only function of temperature and the concentration is controlled by 

the mass transport of the precursor species46 at the interface and the surface reaction at 

the interface between the precursor solution and the solid substrate. A steady state can 

be reached among the convection, diffusion and reaction of the Zn(OH)2, resulting in a 

constant concentration of the precursor at the interface between liquid and solid 

substrate. The similar problem has been widely studied in the mass and heat transport 

phenomenon, known as the Graetz problem.56,57 
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We controlled various processing parameters, to carry out growth experiments to better 

understand the process, including the flow rate in zone-1, the temperature T-2 in zone-

2, the residence time in zone-2 (changing the tube length and flow rate), the substrate 

setting temperature T-3 in zone-3, and growth time in zone-3. For example, we studied 

the growth rates of ZnO nanorods as a function of substrate temperature by varying the 

T-2 in zone-2, while keeping the reactive chemical flux delivering from zone-2 as a 

constant. In this way, the growth rate as a function of the substrate temperature can be 

obtained, and the activation energy can be determined. 

2.4 Characterization 

2.4.1 XRD and UV-Vis result 

The XRD pattern of the ZnO nanorod deposited on glass slide was presented on Figure 

4(a). The amorphous glass slide was chosen instead of the silicon wafer to avoid the 

XRD peaks from the substrate. From the XRD pattern, it can be clearly found that the 

peak at 2θ = 34°, corresponding to the (002) direction, has the strongest intensity and 

sharp peak, which indicates that the ZnO nanorod has a wurtzite structure with highly 

crystallinity, and is preferably grown in c-axis direction.58 

Figure 4(b) is the optical image for the ZnO line coated on the silicon. Those lines were 

fabricated in an increased flow time from left to right (5 min, 10 min, 15 min, and 20 

min), resulting in an increased film thickness from left to right. Both the bath 

temperature T-2 in zone-2 and the deposition temperature T-3 in zone-3 were kept at 

60 °C. The colors of the film also change with the growth time and the thickness due 

to the interference between the substrate and the film. 
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Figure 4(c) and (d) are the UV-Vis absorption peak of the ZnO grown at different time 

(5 min, 10 min, 15 min, and 20 min) on the glass substrate and the corresponding band 

gap energy calculated from the Tauc plot. The spectrum has shown an absorption peak 

at 349 nm, and a corresponding band gap of 3.37 eV, for the ZnO thin film with 

different thickness. 

 

Figure 4: a) XRD pattern for the ZnO nanorod coated on glass; b) optical image for the 

ZnO nanorod with different flow rate; c) UV-Vis absorption of ZnO film for different 

growth time; d) corresponding band gap at different growth time 
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2.4.2 Film growth under different flow rate 

Film growth under fixed flow rate and different residence time 

To better understand and control the growth behavior of the microreactor-assisted 

nanomaterial synthesis and the printing process, different flow rate of the precursor 

solution and residence time in the tubing in zone-2 was applied. The fluorine doped tin 

oxide (FTO) substrates were used for the ZnO growth. The bath temperature (T-2) in 

zone-2 was fixed at 70 °C, and the substrate temperature (T-3) was fixed at 100 °C. 

To investigate how the precursor formation process will influence the ZnO nanorods 

growth, the ZnO thin film were deposited for 20 min under fixed flow rate at 3.85 

ml/min after mixing but the length of the tubing were changed so that film growth under 

various residence time at 0.1 min, 0.21 min, 0.32 min, 0.42 min, and 0.5 min can be 

studied. In this way, the compositions of the precursor solutions were different due to 

the different residence time but the flow rate in the PDMS channel in zone-2 was fixed. 

The SEM images from the Figure 5 have shown that the thickness of the ZnO nanorod 

is decreasing with the increasing of the residence time, which is most likely due to the 

homogeneous reaction in the zone-2 consumed reactants in the solution to form the 

ZnO nanoparticles in the liquid phase. As a result, a lower concentration of the Zn(OH)2 

in the precursor solution is delivered to the substrate surface as the residence time 

increased, resulting in a thinner ZnO film. 
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Figure 5: Fixed flow rate at 3.85 mL/min after mixing, with changing resident time 

from (a) to (e) at 0.1 min, 0.21 min, 0.32 min, 0.42 min, and 0.5 min 

Film growth under different flow rate but fixed residence time 

The growth of the ZnO nanorod was performed under same residence time but different 

flow rate. Different flow rate was chosen at 1.28 ml/min, 2.57 ml/min, 3.85 ml/min, 

5.14 ml/min, and 6.42 ml/min, to investigate how the flow rate can impact the ZnO 

formation. Also, to avoid the influence of the homogeneous reaction from zone-2, the 

residence time was kept same at 0.32 min for all those five reactions by using different 

length of the tubing. In this way, the solution composition leaving zone-2 was identical, 

despite the difference in flow rate and only flow rate in zone-3 is different. From the 

SEM images in Figure 6, it clearly shows the increase of the thickness of the ZnO 

nanorods with the flow rate. Since the concentration of Zn(OH)2 leaving zone-2 are 

same, the increased thickness of the ZnO film on the substrate is due to the increased 

flow rate in zone-3, where more Zn(OH)2 is transported to the substrate surface to 

compensate the consumption of the reactants caused by the surface reaction. 
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Figure 6: Fixed residence time at 0.64 min, different flow rate from (a) to (e) at 1.28 

mL/min, 2.57 mL/min, 3.85 mL/min, 5.14 mL/min, and 6.42 mL/min 

Film growth under different flow rate and different residence time 

Figure 7 has shown the combined effect of the flow rate and the residence time. The 

experiment was conducted under different flow rate and residence time achieved by 

varying the flow rate but keeping the same tubing length throughout the experiment. 

Different flow rate at 2.57 mL/min, 3.85 mL/min, 5.14 mL/min, 6.42 mL/min, 

7.70mL/min, and 8.99mL/min was chosen with corresponding residence time at 0.6 

min, 0.4 min, 0.3 min, 0.24 min, 0.2 min, and 0.17 min. Both increase of the flow rate 

and reduce of the residence time can lead to an enhancement of the growth rate, which 

can also be observed from the measured thickness of the film from Figure 7. 
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Figure 7: Growth of the ZnO nanorod at increased flow rate from (a) to (f) at 2.57 

mL/min, 3.85 mL/min, 5.14 mL/min, 6.42 mL/min, 7.70mL/min, and 8.99mL/min 

2.4.3 Film growth under different temperature 

According to the SEM result shown above, it can be concluded that increasing the flow 

rate will increase the growth rate. The main reason is that a faster flow rate will enhance 

the mass transport in the reactors, and the side reaction is also inhibited due to the 

reduced residence time. On the other hand, the fluid flow in the tubing and PDMS 

channel will also influence the heat transfer. Herein, the growth of the film under 

different heating condition is also studied together with the flow rate. The silicon wafer 

is used as the substrate to study the growth kinetics. Stylus profiler is used for 

measuring the thickness by moving the stylus across the middle of the patterned ZnO 

thin film as shown in Figure 8. The average thickness of the profiler is used for 

comparison among different experimental parameters. 
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Figure 8: Schematic illustration of the stylus profiler measurement 

Simulation result for the temperature (T-2) in zone-2 

Our target is to estimate the growth rate at different growth temperatures while keep 

the same concentration supplied to the substrate surface. The microreactor was used to 

preheat the solution and premix the precursor solution to form the Zn(OH)2 before 

entering channel. However, some homogeneous reaction can also occur in the 

microreactor, reducing the amount of the reactants in the solution. To address this 

problem, our strategy is to increase the flow rate so that the residence time in the 

microreactor is decreased and the homogeneous reaction can be inhibited, as discussed 

above. However, simply increasing the flow rate can cause the reduce of the solution 

temperature. To maintain a similar temperature leaving the microreactor, a COMSOL 

simulation was applied to adjust the microreactor bath temperature. In addition, two 

different length of the tubing at 45 cm and 100 cm were selected to control the residence 

time in the microreactor. Figure 9 has shown the simulated results of the temperatures 

required in the bath to achieve same temperatures of the solution leaving zone-2 at the 

different flow rate. With increased flow rate, a higher bath temperature is required to 
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heat up the precursor solution. And an increased tubing length can reduce the bath 

temperature required to heat up the solution.  

 

Figure 9: Simulated temperature distribution in the tubing with different length: a) 45 

cm; b) 100 cm 
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The film growth with different time 

To estimate the growth rate, we performed the experiments to grow the ZnO thin film 

under different running time at 5 min, 10 min, 15 min, and 20 min. The length of the 

tubing in the bath is 45 cm, the flow rate of the mixed solution was fixed at 3.84 mL/min. 

Both the heating pad and the bath temperature were kept at 333 K. Figure 10 (a) has 

shown the scanning data for the ZnO thin film at different running time, and Figure 10 

(b) is the averaged data from the profiler measurement. From the Figure 10, it is clear 

the growth of ZnO nanorod has a linear relation with the deposition time, resulting in 

a growth rate of 37.2 nm /min. The reaction to form the ZnO nanorod was under steady 

state due to the continuous flow in the PDMS channel, resulting in a constant 

concentration of the Zn(OH)2. In addition, it has been proposed from the literature that 

the reaction to form the ZnO nanorod from Zn(OH)2 is first-order reaction.6,59 Because 

of the first-order reaction kinetic behavior of the ZnO nanorod and the constant amount 

of the reactants, a linear growth of the ZnO thin film with time is expected. Therefore, 

for the ease of the calculation, all the growth rate of the ZnO was estimated by dividing 

the measured thickness by the running time, which was fixed at 5 min in the rest part 

of the paper.  

In addition, the profiler result indicates that the growth rate of the film fabricated by 

this process has a higher rate comparing to other solution based process, where the ZnO 

nanorod reached a similar thickness in hours.42,60 As in most of the bath reactor, the 

reactants were consumed during the deposition process and the reaction rate was 
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reduced. But in our process, the reactants were constantly supplied to the substrate 

surface, which enables a fast growth of the film. 

 

Figure 10: The thickness of the ZnO thin film at the center of the pattern: (a) scanning 

data by stylus profiler, (b) the average data from the scanning 
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Film thickness vs tubing length in Zone-2 

The experiment was then conducted at different flow rate and bath temperature but the 

same outlet temperature when deposited on the substrate surface. Figure 11 has shown 

the film deposited with an increased flow rate and the bath temperature with different 

tubing lengths: (a) 45 cm of the tubing length and (b) 100 cm tubing length. One 

significant trend from the result is that the thickness is increasing as the flow rate 

increased. The increase the of the thickness is mainly caused by two factors: the first 

factor is that the increase of the flow rate can enhance the transport of the reactants to 

the substrate surface, resulting in a higher concentration of the reactants on the surface 

and a faster reaction rate; the second factor is the faster flow rate can reduce the 

residence time in the microreactor so that less reactants can be consumed in the 

microreactor. The other trend is that the ZnO film deposited from 45 cm length of the 

tubing is thicker than from 100 cm length of tubing, which is also an evidence for the 

homogeneous reaction occurred in the microreactor. But with the flow rate further 

increased, no significant difference of the thickness can be observed, and the thickness 

of the film tends to reach a steady state where the growth rate is not influenced much 

by the flow rate, indicating that the homogeneous reaction in the microreactor is 

strongly controlled, and the reactants concentrations are similar among the high flow 

rate, namely at 6.4 ml/min and 7.68 ml/min. 

According to the discussion above, the flow rate for the growth of the ZnO film is 

controlled at 6.4 ml/min, the length of the tubing is 45 cm, and bath temperature at 344 
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K, which will result in a same temperature at 320 K and a same concentration of the 

Zn(OH)2 precursor of 2.5 mM entering the PDMS channel. 

 

Figure 11: ZnO grown at different flow rate, bath temperature and tubing length a) 45 

cm tubing length, b) 100 cm tubing length and c) the comparison of the thickness at 

different tubing length. 
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Film growth vs different growth temperature in Zone-3 

As the composition of the solution entering the channel is fixed, the only parameter we 

controlled is the temperature under the silicon substrate. Figure 12 has shown the 

measured thickness of the thin film deposited at various temperatures (T3), including 

333 K, 353 K, 373 K, and 393 K. A lower temperature than the heating pad is expected 

as the precursor solution flows through the channel. In this way, COMSOL simulation 

is used to simulate the surface temperature. The surface temperature at the center is 

presented on Figure 12(d). The growth rate of the ZnO thin film is increasing with the 

temperature, as the reaction rate constant is increased. The growth rate of the ZnO thin 

film is a first-order reaction kinetics, the thickness of the film is correlated with the 

Zn(OH)2 concentration: 

 ( )
( )

2

2

Zn OH

Zn OH

dL r
r kC k

dt C
= =  =  (2.1) 

The reaction rate can be obtained from the experimental data by measuring the film 

thickness and the growth time, and since the homogeneous reaction in the microreactor 

is neglected due to the short residence time, the reaction rate constant can also be 

determined.  Figure 12 (c) presents the variation of the film thickness as a function of 

the average surface temperature. The apparent activation energy (Ea) corresponding to 

the film growth can also be obtained by plotting the ln(k) as a function of 1/T from the 

Arrhenius equation. The apparent activation energy was estimated around 22.65 kJ/mol. 
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 
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Figure 12: Kinetics of the ZnO growth: a) thickness of the ZnO grown under different 

substrate temperature, b) growth rate at different substrate temperature, c) the 

Arrhenius form the growth rate constant, d) the surface temperature simulated by 

COMSOL under different T3. 

ZnO film measured by SEM 

Figure 13 (a)~(e) have shown the SEM cross-section of the patterned ZnO 

nanostructured thin films fabricated by using a substrate temperature at 353 K in zone-

3 (T3), at flow rate of 6.4ml/min, and 45cm length of the tubing in zone-2 with a bath 

temperature of 343 K (T2). The SEM images from (a) to (e) are taken from the spot 

from left to right, as marked in Figure 13 (f). Figure 13 (g) shows the top view of the 

deposited film and Figure 13 (h) is the EDS result of the film.  The ZnO nanostructures 
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fabricated by this process shows a more dense and larger size of the nanorods, 

comparing to the literature.25,48,61 The ratio between zinc atoms and the oxygen atoms 

is about 1.3 to 1, indicating an oxygen vacancy of the film which has been reported by 

other researchers.62,63  
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Figure 13: SEM images of the ZnO nanorod film grown on silicon wafer (a) tilted cross-

section of the ZnO film; (b) the top view of the film; (c) the EDS of the selected film; 

(d) the Profiler scan data 

Study of the peaks at the edge 

It is found that the film close to the wall is thicker than in the center. COMSOL 

simulations are carried out to provide insights into the cause for this interesting result. 
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The simulation is studied by flowing a cooler solution along the channel than the heated 

wall, as illustrated in Figure 14 (a). The heat transfer data and the flow distribution data 

are taken from a plane 0.1 mm above the substrate surface. It has shown in Figure 14 

(c) and (d) that the temperature in the center of the channel is lower than the temperature 

near the wall. In addition, as the solution flow along the channel, the solution is heated 

up and the difference of the temperatures between edge and the center is reduced. 

When the precursor solution from zone-2 entered the channels, the temperature of the 

solution, T2, is lower than the substrate surface, T3. In this way, the surface was cooled 

down by the flow of the solution. However, the substrate area is much larger than the 

channel, the heat will be transferred to the patterned channels from the side, resulting 

in a higher temperature on the edges. This can also be evidenced by the film growth 

from the Figure 14 (e). At the film growth close to the entrance (line 1 and line 2), as 

the difference of the film thickness is larger when the gap between the substrate 

temperature and the inflow solution temperature is larger. While the solution is leaving 

the channel (line 5 and line 6), the temperature difference between the solution and the 

substrate is reduced and the thickness along the radical direction is also more even. 



39 

 

 

Figure 14: (a) schematic diagram of the COMSOL simulation geometry; (b) the flow 

velocity profile close to the substrate; (c) the temperature distribution of the surface 

close to the substrate; (d) the temperatures of the solution from the cutline along the 

radical direction at the different spots along the flow direction; (e) the profiler scan at 

the similar spots as the cutline temperature. 
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2.5 Conclusion 

 

In this work, patterned ZnO nanostructures are deposited onto a substrate surface by a 

Microreactor-Assisted Nanomaterial Synthesis and printing process. The process uses 

a continuous flow microreactor to control and generate a reactive chemical flux that 

was transporting to a patterned microfluidic channel. The process contains three zones, 

a mixing zone, a reactant generation zone, and a deposition zone. This process allows 

a separation of the homogeneous reaction in the solution and the heterogeneous 

reaction on the substrate surface, resulting in a well-controlled growth of the ZnO 

nanostructures on the substrate surface so that the growth mechanisms and kinetics can 

be studied. Different growth parameters, including flow rate, residence time, the 

temperature of the chemical solution and temperature of the substrate, are varied to 

study the growth kinetics. A key process parameter is the flow rate. In general, a higher 

flow rate can result in faster growth of ZnO nanostructures. A lower flow rate will 

result in a longer residence time of the chemical solution within zone 2, which can lead 

to the homogenous formation of solid nanoparticles, thus reduce the concentration of 

reactive Zn(OH)2 (aq). This finding is further supported by growth experiments carried 

out using reactors with two different reaction channel lengths within zone 2. Besides, 

the thickness of rectangular patterned ZnO nanostructured films show a saddle-shaped 

profile, which is thinner near the center. This thickness profile is a result of combined 

heat and mass transfer of the reactive solution within the patterned channel, as 

qualitatively supported by COMSOL simulations. By measuring the growth rates as a 

function of substrate temperatures, the activation energy of the rate constant is obtained 
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at 22.65kJ/mol. This process not only provides better control to fabricate patterned 

metal oxide nanostructures but also offers the unique capability to study the growth 

mechanisms. 
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CHAPTER 3 PATTERNED ZNO THIN FILM PART I. NOVEL, 

SCALABLE APPROACH TO FABRICATE ZNO NANOSTRUCTURES 

WITH MULTISCALE 3D GEOMETRIC SHAPES    

3.1 Abstract 

In this study, we demonstrated a novel, scalable process to fabricate ZnO 

nanostructures with multiscale 3D geometric shapes. The process uses a continuous 

flow microreactor to control and generate a chemical reactive flux that was transporting 

to a patterned microfluidic channel. In particular, the precursor solutions were firstly 

mixed and heated in a microreactor to control solution temperature and to generate 

reactive species. The reacting solution was then delivered to the substrate surface 

guided by a patterned PDMS channels. ZnO nanostructures with multiscale 3D 

geometric shapes were formed guided by the patterned channel.  It was found that 

geometry is controlled by the channel geometry, flow rate, and substrate temperature. 

This process enables fabrication of complicated nanostructures by using low-cost and 

facile solution-based method on the desired regions of the substrate surface. In addition, 

due to the continuous formation of the precursor solution with constant concentrations, 

the growth thin film can be well controlled and accelerated, comparing to the traditional 

chemical bath deposition process. This process is also capable of producing 

nanostructured thin film in large scale by well-designed PDMS channels. 

3.2 Introduction 

The fabrication of functional materials with designed multiscale structures plays an 

important role in many technology researches and applications, such as electronic 

devices, sensors, power generators, displays and functional surfaces. Duraisamy et al. 
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fabricate TiO2 thin film memristors using electrohydrodynamic inkjet printing.64 Kim 

et al. reported horizontally aligned ZnO nanowire transistors using chemical vapor 

deposition (CVD) on patterned graphene thin films.65 Chen et al. reported honeycomb-

patterned film porous film for glucose sensing using breath figure method.66 Patterned 

organic semiconductors were commonly used for chemical and biological sensing 

applications.67 Patterned silver-nanowires networks on a substrate can serve as a 

transparent conductive electrode for thin film heaters, light emitting diodes.68,69 

Stretchable strain sensors for human motion detection using patterned metal 

nanoparticle, carbon nanotube, and graphene thin films have been reported.70–72 

Mahapatra et al. used a hybrid hydrophobic and hydrophilic surface to enhance the heat 

transfer via a dropwise condensation.73 Takamatsu et al. fabricated a stretchable 

keyboard based on capacitance sensors made of PEDOT: PSS electrodes patterned on 

a knitted textile.74 Seung et al. reported a flexible, foldable nanopatterned wearable 

triboelectric nanogenerator based on a silver-coated textile and polydimethylsiloxane 

(PDMS) on ZnO nanorod arrays.75 Significant progress has been made in 

understanding the biological micro- and nanostructures and many of these complex 

structures have been successfully mimicked. For example, biomimetic photonic 

structures have been applied to create brilliant structural colors without the use of 

pigments were also been reported.76 

Numerous methods and processes have been developed to fabricate patterned thin film 

with different materials, including inkjet printing techniques64, soft lithography77,78, 

directly laser patterning79, and photolithography.80–82  Fabrication of micro- and nano-

structures with lithographic methods such as using focused ion beam to replicate the 
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Morpho lamellar structure and its blue coloration has been reported.83 Avoiding the 

complex manufacturing procedure using electron beam lithography, Zyla et al. 

demonstrated the use of two-photon polymerization as a more flexible lithographic 

fabrication process to generate arbitrary 3D structures.84 Despite of these technological 

breakthroughs, the large-scale manufacturing of complex micro- and nanostructures is 

still a major challenge. Hong et al. reported a digital direct writing method to fabricate 

micro-patterned on a large scale by selective laser decomposition of Zinc acetate 

precursors to produce patterned ZnO seed layer, large scale ZnO NWs were synthesized 

for 5 hours, and 10,000 UV detectors were built on a 4 cm × 4 cm glass substrate.85  

Among various patterning methods, soft lithography is a relatively simple and low-cost 

process, where a PDMS stamp with designed patterns is fabricated and is used to print, 

mold and emboss the nanostructures.52 In this study, the same method as the soft 

lithography in chapter 2 was adopted to fabricate a patterned PDMS microchannel, but 

instead of partially transferring thin film from one surface to another, the patterned 

microchannel was used as a patterning conduit to supply the reactive chemical flux to 

the patterned substrate surface.  

The overall process to deposit the patterned nanostructure thin film is illustrated in 

Figure 15 (a), where the whole system contains two major parts:  (i) the microreactor 

system that forms the reactive chemical flux with tailored compositions by adjusting 

the flow rate and temperature and (ii) the patterned PDMS microchannel where the 

reactive chemical solution from the part 1 was transported to the activated reaction zone 

between the PDMS microchannel and the substrate surface. After the reactive chemical 
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flux flow through the channels, a surface reaction occurs on the substrate, forming a 

patterned 3D multi-scale nanostructure. Several materials, including ZnO,45 CdS,16 and 

CuS17 and Ag15  have been fabricated by using continuous flow microreactor. ZnO is 

an important semiconductor material that have found applications in the areas such as 

cosmetics, photocatalysis, sensors, solar cells, transistors, and piezoelectric transducers. 

ZnO can form various different nanostructures using solution-based methods39,80,86. 

Here, we demonstrate a process to fabricate various ZnO nanostructures with 

multiscale 3D geometric shapes by varying the microchannel geometry and flow 

conditions. This novel approach offers a scalable, fast, and low-cost method to fabricate 

multiscale nanostructures with tailored 3D geometric shapes.  

3.3 Experimental  

 3.3.1 Setup for the microreactor-assisted nanomaterial synthesis and the printing 

process and its characterization method 

The overall ZnO thin film growth setup was illustrated on Figure 15. The setup contains 

three zones, a mixing zone, a reactant generation zone, and a deposition zone. The 

recipe is similar to the one reported in the literature51: 0.2195 g of Zn(CH3COO)2·2H2O 

and 0.1925 g of ammonium acetate (CH3COONH4, Mallinckrodt Chemicals) dissolved 

in 200 ml of deionized water to form solution A and 0.8 g of NaOH dissolved in 200 

ml of deionized water to form solution B. The two solutions, solution A and B, were 

pumped into two PVC tubing separately and then mixed through a mirco-T-mixer. The 

chemical mixture was then passed through a helical structured reactor made by 

wrapping a PVC tubing with 1/16 inch in inner diameter around a cylinder. The length 

of the PVC tubing was varied during the process in order to control the residence time 
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and the solution temperature. The temperature of the reactor was controlled by 

immersing the PVC tubing in a water bath, sitting on a temperature-controlled hot plate.  

The precursors for the growth of ZnO nanorods, formed in the zone-2 microreactor, 

were then supplied to the zone-3 microchannel for the growth of patterned ZnO 

nanorods on the substrate. The microchannel was sandwiched between the substrate 

and a polycarbonate holder to act as both a fluidic channel and a patterning tool. 

Different patterns will be coated on the substrate, depending on the channel geometry 

used. 

Before the growth of the ZnO thin film, a ZnO seed layer was firstly formed on the 

silicon substrate surface by spin coating a 0.025 M of zinc acetate 

(Zn(CH3COO)2·2H2O, Sigma Aldrich) in ethanol solution followed by annealing at 

250 °C in the air for 1 hr. The main purpose for this seed layer is to provide a nucleation 

sites for the growth of ZnO nanorods. 
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Figure 15: Setup for the microreactor-assisted nanomaterial synthesis and the printing 

process for the patterned film 

3.3.2 Procedures to make the PDMS channel 

The procedures to fabricate the PDMS fluidic channel is same as described in Chapter 

2, the only difference is the pattern on the mask is different, so that the different channel 

shapes can be created. To fabricate the PDMS fluidic channel, an SU-8 master was 

firstly created on a silicon wafer. A PLA plastic framework was firstly glued on the 

wafer edges. This framework mainly worked as a block to prevent the movement of 

the uncured SU-8. The SU-8 2010 (Micro Chem) was poured onto silicon wafer in the 

area surrounded by the framework. The SU-8 was under soft bake at 60 °C for 12 hr, 

and then the SU-8 was exposed UV light with a patterned mask covered on the top. 

The SU-8 under exposure of UV light was cured and hardened. After curing, the SU-8 
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was moved to oven under 60 °C for hard bake for 1 hr. The SU-8 developer (Micro 

Chem) was used to remove uncured SU-8.  

PDMS (Sylgard, 184, Dow Corning) and PDMS curing agent (Dow Corning) were 

mixed in a ratio of 9 to 1. After degasification for 1 hour, the mixture was poured onto 

the SU-8 master under 80 °C for 15 min, where liquid PDMS turned into elastic solid. 

The channel was left on the PDMS after removed from the wafer. 

3.4 Results and Discussions for different Types of Patterns 

Optical images were taken to show the ZnO thin film with different patterns on the 

silicon substrate. To further understand the growth kinetic, the stylus profiler (Dektak 

8) was used to measure the thickness of the film at different spots. The COMSOL 

simulation was also employed to understand how the flow rate and growth temperature 

will influence the growth of the film. Three different types of the patterns, including 

the spiral patterns, parallel lines patterns, and the pattern with the symmetry lines are 

studied separately to understand the growth mechanisms of the thin film. 

3.4.1 The Spiral Patterns 

 

Figure 16: Optical images of the spiral patterns: a) circles pattern, b) triangles pattern, 

and c) squares pattern 
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Figure 16 has shown the ZnO film fabricated by the process. Three different patterns, 

including the spiral patterns of (a) circles, (b) triangles, and (c) squares. The ZnO 

patterns were fabricated by flowing the precursor solution directly through a continuous 

PDMS channel from the inlet to the outlet, leaving a film with different curvatures. The 

width of the line is about 0.0394 inch (1mm). To further characterize the film, a stylus 

profiler was used to estimate the thickness of the film at different spot, as shown in 

Figure 17. The spiral circles pattern is used as the example for stylus scan. The inserted 

figure indicates the scan directions. From the profiler scan, it has shown that the line 

on the left most has the highest thickness, which is corresponding to the line from the 

inlet. The possible explain is that the precursor solution entering the channel has the 

highest concentration. While flowing through the channel, reactants were consumed 

either on the substrate surface or in the solution phase, resulting in a reduced 

concentration and growth rate of the ZnO film. Besides, it can also be observed that the 

film close to the outlet has the lowest thickness. 
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Figure 17: Thickness scanned by stylus profiler of the spiral circles, and the scan path 

To further study the kinetics of the flow reactants in the channel, a COMSOL 

simulation is applied to study the heat transfer and the fluid flow of the process. In the 

COMSOL simulation, the spiral circles with the same shape as the PDMS channel was 

used as the model. From the COMSOL simulation in Figure 18 (a), it can be found that 

the velocity of the film is uniformly distributed along the flow direction. The velocity 

profile along the cutline through the center of the channel also shows that not much 

change of the velocity along the flow direction, as shown in Figure 18 (c). However, in 

Figure 18 (b), it has shown a gradually increased temperature of the fluid along the 

flow direction. The solution entering the PDMS channel has a lower temperature 

around 323 K, while the heating temperature for the silicon substrate was fixed at 333 

K. The solution will eventually be heated to 333 K as it flowed through the channel. 
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The variance of the temperature of the solution along the flow direction will cause the 

different growth rate at different spot. In this way, the growth rate of the film is 

determined by the temperature of solution and the local concentration of the reactants. 

 

Figure 18: COMSOL simulation result: a) the surface velocity, b) the surface 

temperature, c) the velocity profile at the cutline 

3.4.2 Parallel lines 

ZnO patterns with parallel lines have also been fabricated by using the appropriate 

PDMS channels where the precursor solution firstly entered a triangle area followed by 

splitting to different individual channels. Those channels can be designed with different 

widths and different distances between each other. After following through the 

individual channels, the solution merged together and left the PDMS mold, leaving 
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patterns on the silicon substrate surface, as shown in figure 19: a) the lines have the 

same width at 0.0394 inch, b) different line width at 0.0157, 0.0276, 0.0394, 0.0512, 

0.0634 inch, from left to right. Thus, the thin film with different size can be fabricated 

simultaneously by simply using a channel with one inlet and one outlet, which enables 

the scale up of the nanostructured thin film. 

 

Figure 19: Optical images of the parallel patterns 

The thickness of the film was measured again by the profiler, as shown in Figure 20. 

The scan for the film thickness for both patterns was from left to right, and across the 

center of the lines, as described in the inserted figures. Figure 20 (a) shows the thickness 

of the parallel patterns with the same line width, which has shown a similar thickness 

and width of all the five lines. The only difference is the 3rd line is slightly thicker than 

the other lines. While for the thickness measurement of the pattern with different width, 

it is clear the lines in center is thicker than the lines at the edge. Another common result 
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of both patterns is that for each single line the film is thinner in the center than the film 

at the edge. 

 

Figure 20: Thickness measured by the stylus profiler and the scan path 

The COMSOL simulation was applied to understand the film growth kinetics. Figure 

21 has shown the velocities of the flow in each line for both patterns. It can be found 

in Figure 21 that in the pattern with the same line width, the velocity is very similar in 

each channel. While for the pattern with different line width, the velocity is increasing 
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as the width of the line. The difference of the velocity is caused by the difference of the 

pressure drop of each line due to the difference in width. As discussed before, a faster 

flow rate will result in a faster growth rate as more reactants are transported to the 

substrate surface. 

 

Figure 21: Velocity of the solution flow in each channel: a) the parallel channels with 

the same width, (b) parallel channels with different width 

Another parameter that can influence the growth kinetic is the temperature. In Figure 

22, the temperature distributions of both patterns are compared. For the pattern with 

the same width, the temperature is increasing from left to right. Because of the 

temperature difference along the radical direction. The right 3 lines are slightly thicker 

than the left 2 lines due to the temperature difference. While for the pattern with 

different channel width, the film deposited at the center is thicker than the other film, 

and the film is getting thinner toward the edge channels. 
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Figure 22: Temperature of the flow through the channels 

3.4.3 Patterns with symmetry structure 

 

Figure 23 has shown the pattern with the symmetry structure. The solution will firstly 

enter a single line channel, and then flow into the bypass channels. In this way, the 

solution can be distributed into different path for multiple film deposition or 

complicated pattern fabrication. In Figure 23, the solution was evenly split when 

entering the bypass channel, so that the flow rate is evenly divided while the 

concentration of the precursor is same along the radical direction. The solution 

eventually are merged before leaving the channel. 
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Figure 23: Optical image of the symmetry sample 

Figure 24 has shown the film thickness at the different spots scanned by using the 

profiler. Figure 24 (b) has shown the location where the film was scanned. Each scan 

has been designated a name according to the scan order. It can find that whenever the 

fluid is split, the thickness of the film decreased, and when the fluid is merged, the 

thickness of the film is increased. The velocity of the fluid along the channels is shown 

on Figure 25 (a), where the flow rate is almost halved when split and doubled when 

merged. By comparing the fluid velocity profile and the thickness profile, it can be 

found that the change of the film thickness is caused by the flow rate. Under higher 

flow rate, the film is growing faster, resulting in a thicker film. The main reason for 

this phenomenon is that under higher flow rate, there will a faster mass transfer due to 

the convection by the flow. As the reactants close to the surface are consumed, more 

will be supplied to the surface by the fluid flow under higher flow rate. In this way, the 

ZnO film under higher flow rate will grow faster than the film under lower flow rate. 
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Figure 24: (a) Thickness of the film measured by profiler, (b) the scanning order and 

direction 
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On the other hand, the change of the film thickness is not very significant along the 

flow direction, which can be observed from the 3rd, 4th and 5th line, where the flow 

rates are identical. The thickness of the film is even increased at the outlet part when 

comparing the thickness measurement between 1st and 7th scan lines. As discussed 

before, the concentration of the precursor is reducing along the flowing direction. The 

increased thin film thickness is caused by the uneven distribution of the temperature 

along the substrate. The temperature distribution of the solution was shown on Figure 

25 (b), where the temperature at the inlet is much lower than the outlet, since the 

solution from Zone-2 has a lower temperature and as it continues to flow through the 

channel, the heat transfer between the substrate surface and the fluid flow will reach an 

energy balance and the solution will be gradually heated up. The higher temperature 

will increase the reaction on the surface, resulting in a thicker film at the outlet.  

In all, the major factors that can influence the film growth are the transport of the 

reactants and the reaction temperature. These findings will enable the uniformly growth 

of the film by designing the channels with specific width and controlling the flow rate, 

so that the flow rate in each channel is identical and the increased temperature can 

offset the effect of the reduced concentration in the fluid. 
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Figure 25: a) COMSOL simulation for the velocity of the fluid in the channels, b) the 

temperature distribution of the pattern 
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3.5 SEM result 

Figure 26 has shown the SEM result for the symmetry pattern with different line width. 

The morphologies of the ZnO thin film deposited by this method is similar with line 

pattern in Chapter 2, with a close-packed nanorods on the silicon. This is due to the 

same chemical and reaction used to deposit ZnO thin film. Also, the thickness of the 

films measured by SEM show the same trend as the profiler, namely, thin film 

deposited on narrow channels such as (d) and (e) have thinner film than the others. 

 

Figure 26: SEM result for the ZnO symmetry pattern with different channel width, 

where Figure a) to e) reparents each channel with decreased width 

3.6 Conclusion of the deposition of patterned ZnO film 

In this chapter, we demonstrated a novel, scalable process to fabricate ZnO 

nanostructures with multiscale 3D geometric shapes. The method uses a continuous 

flow microreactor to control and generate a reactive chemical flux that was transporting 

to a patterned microfluidic channel. In particular, the precursor solutions were firstly 

mixed and heated in a microreactor to control solution temperature and to generate 

reactive species. The reacting solution was then delivered to the substrate surface 

guided by a patterned PDMS channel with different designs, including the spiral pattern, 
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the parallel pattern and the split-and-recombine pattern. ZnO nanostructures with 

multiscale 3D geometric shapes were formed guided by the patterned channel. It was 

found that geometry is controlled by the channel geometry, flow rate, and substrate 

temperature. The stylus profiler measures film thickness, and the result shows that the 

unique characteristics of each pattern type. With the aid of the Comsol simulation, the 

parameters that control the growth are studied: in the spiral pattern, the consumption of 

the reactant can result in a thinner film as the solution flows through the channel. In the 

parallel-design pattern, the film thickness is determined by the flow rate of the solution 

in each channel in parallel. With the channel narrowed and the flow rate reduced, a 

thinner ZnO nanostructured film is obtained. In the split-and-recombine design pattern, 

the film growth rate is halved as the channel split and doubled as the channels re-

combined. The temperature profile within the channel is another critical parameter of 

controlling the growth of ZnO nanostructures in all dimensions. This scalable process, 

aided with new understandings, will provide a unique capability to fabricate metal 

oxide nanostructures of controlled multiscale 3D geometric shapes. 
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CHAPTER 3 PATTERNED ZNO THIN FILM PART II.  APPLICATION 

OF THE PATTERNED ZNO NANOSTRUCTURE THIN FILM 

3.7 Introduction of the photocatalyst 

Wastewater containing organic dyes from paper, textile or other industries has received 

considerable attention. Due to its good stability in the nature water system, those 

organic dyes can lead to some critical environmental problems. For example, more than 

10,000 different types of dyes and pigments are used in textile industry.26 Several 

attempts have been applied to treat the wastewater and reduce the amount of the organic 

dyes, including chemical coagulation, physical adsorption and chemical oxidation 

using ozone, or H2O2.
87 However, the coagulated or adsorbed dyes are only transferred 

from one phase to another and can still act as pollution source, while the chemical 

oxidation will consume additional energy and generate toxic oxidants. 

3.7.1 Photocatalysis mechanisms 

Photocatalytic process has provided an alternative solution to remove the organic dyes 

from the wastewater, where the organic dyes can be eliminated by employing a 

semiconductor surface such as TiO2 or ZnO under UV irradiation.88 ZnO, as an 

compound semiconductor with a direct band gap of 3.37eV has been widely studied 

due to its good photocatalytic performance and ease to fabricate.89–91 Photocatalytic 

method offers a replacement for treating the organic dyes, with a lower cost of energy, 

high efficiency in destruction of the organic dyes and less byproduct waste. The 

semiconductor used in photocatalyst process can generate highly reactive radicals to 

oxidize the organic dyes in the solution.30,92,93 In a typical photocatalyst process, the 

photo-induced electron-hole pairs are formed on the photocatalyst material surface by 
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promoting the valence band electrons to the conduction band under irradiation with 

sufficient energy, leaving holes in valence band (Eq. (2.3)).94 Those electrons in the 

conduction band (
( )

e
CB

− ) and holes in the valence band (
( )

h
VB

+ ) either undergo 

recombination and release heat (Eq. (2.4)) or further react with the chemicals, such as 

O2 or OH-. The holes in the valence band can react with the OH- to for the hydroxyl 

group radicals (Eq. (2.5)). The holes in the valence can also convert the organic dyes 

to intermediate compounds directly, those intermediates are highly reactive, which 

permit a further oxidation process (Eq. (2.6)). In the conduction band, the electrons 

react with oxygen (O2) to form the superoxide radicals (Eq. (2.7)). The superoxide 

radicals are protonated by the H+ from the ionization of water, and further generate 

hydrogen peroxide and the hydroxyl radicals (Eq. (2.8)(2.9)(2.10)). The hydroxyl 

radicals generated from the photocatalyst surface are strong oxidants and are the 

primary cause for the mineralization of the organic dyes (Eq. (2.11)). 

 ( ) ( )( )ZnO ZnO e hhv − ++ → +  (2.3) 

 e h heat− ++ →  (2.4) 

 h OH  OH+ −+ →   (2.5) 

 h  dyes oxidation product+ + →  (2.6) 

 2 2e O  O− −+ →   (2.7) 

 2 O H  OOH− + + →   (2.8) 
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2 2 2 OOH  OOH H O O +  → +  (2.9) 

 2 2 2 2H O  O  OH OH O− −+  →  + +  (2.10) 

  OHdyes degradation products+  →  (2.11) 

3.7.2 Improvement of the ZnO photocatalytic performance 

Several factors can limit the application of the photocatalytic process, for example, the 

charge carrier recombination can limit the number of electron-hole pairs, which will 

reduce the efficiency of the degradation. Also, the separation of the charge is limited 

by the energy of the incident light. To improve the performance of the photocatalyst, 

dopants or composite system are employed to the ZnO semiconductor. 

As mentioned before, the efficiency of the photocatalyst is governed by the photo-

induced electron-hole pairs. Doping with appropriate materials into the ZnO crystal 

structure can narrow the band gap and inhibit the recombination of the photo-induced 

electrons and holes, leading to an enhancement of the photocatalytic performance under 

the visible light region. ZnO has three different crystal structures: hexagonal wurtzite, 

cubic zincblende and rocksalt. The hexagonal wurtzite is the most thermodynamically 

stable structure under room temperature, where each Zn2+ ion is surrounded by four O2- 

anion at the corners of a tetrahedron, and vice versa.95  Doping with metal can substitute 

of Zn2+ ions with tetrahedral O coordination in ZnO lattice, resulting in a n-type doping, 

and doping with nonmetals can cause the vacancies of oxygen, resulting in p-type 

doping.96 
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The photocatalytic process for the dye degradation will only proceed when the incident 

light has a great energy than the band gap of the ZnO materials. In this way, only UV 

light with a wavelength less than 387 nm can be applied for the photocatalytic process. 

However, doping with metal ions can narrow the band gap of the ZnO, resulting in a 

shift of the absorption edge to the visible range. Currently, many metal ions doping 

have been studied, including copper, cadmium, tin, cobalt, aluminum, and iron.97–102 

Mohan et al. found that doping with copper can cause the surface defects, which can 

serve as favorable trap sites of the electrons or holes to reduce the their recombination 

and enhance the performance.103 Ba-Abbad et al. incorporated iron ions (Fe3+) into ZnO 

via sol-gel technique and the results indicated longer wavelength absorption in the 

visible light range and a red shift of the band gap.104 In addition, Karunakaran et al. 

studied the performance of the cadmium doped ZnO and concluded that the doping will 

not change much of the band gap structure but reduce the grain size the ZnO structure 

and destroy the microstructure.105 In this way, the photocatalytic performance can be 

still enhanced. 

In the nonmetal doped ZnO, the oxygen atoms are substituted by nonmetals, which will 

shift the valence band energy of ZnO upward and narrow the band gap of the ZnO. 

Among those nonmetals, carbon (C), nitrogen (N), and sulfer (S) are intensely 

studied.96,106 Yu et al. incorporated N into the ZnO crystals to form the N 2p states in 

band gap, which allows the improvement of the visible light absorption and 

enhancement of the photocatalytic activity.106 The incorporated N atoms can both exist 

in the interstitial sites or interstitial sites of the ZnO lattice, but in both cases, the doped 
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N can improve the visible light absorption and photocatalytic activity.107 C doped ZnO 

also shows an enhanced visible light absorption up to 700 nm.108  

Coupling ZnO with other materials, such as Ag, Bi2O3, ZnS, MoS2 and TiO2 to form a 

composite system can also achieve an improvement of the photocatalytic activity.109–

112 In composite system, the ZnO is directly contacted with other material. The coupled 

materials have two different energy level, and upon irradiation, the photo induced 

electrons can be transferred from ZnO to the other materials, due to the difference in 

the conduction band, which allows the separation of the photo induced electron-hole 

pair and inhibits the recombination of the electron-hole pairs.30 Ag is a promising metal 

to couple with ZnO to form the composite photocatalyst and has been studied 

extensively. The coupled Ag material mainly play two roles: one is to reduce the hole-

electron recombination due to the Schottky barrier at the metal-semiconductor 

interface.113 The other role of the Ag is to enhance the visible light absorption of the 

composite system induced by the surface plasmonic absorption from Ag.114 It has been 

reported that the absorption of the composite system is higher than pure ZnO at visible 

range due the surface plasmonic effect.115,116 

3.7.3 Parameters that can influence the ZnO photocatalyst 

The rate of the ZnO photocatalytic performance can be influenced by many parameters, 

including the pH of solution, the concentration of the dyes, the shape and the load of 

the photocatalyst, and the light source wavelength and intensity. 

pH 
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In the photocatalytic process, the pH is playing in an important role. Sobana et al. has 

studied the AR18 degradation by using ZnO photocatalyst, and its performance under 

different pH was compared.117 Their results have shown that increasing pH from 3 to 

11 will result in an increase of the degradation rate, which is caused by the increased 

formation of the hydroxyl radicals. The pH of the solution can also influence the surface 

charge for both of the ZnO photocatalyst and the organic dyes, where the surface is 

positively charge below the points of zero charge (PZC) and negatively charged above 

PZC. Bechambi et al. studied the degradation of the bisphenol A, and the optimum 

degradation pH is at 8, where the organic dyes and photocatalyst surface has the 

opposite charge, which will enhance the adsorption of the dyes on the ZnO and 

degradation of the dyes.118 Both dyes and ZnO will be negatively charged by further 

increasing the pH above 9, resulting in a repulse between dyes and ZnO. 

Concentration of the dyes 

The initial concentration of the organic dyes is another parameter that influences the 

photodegradation. By comparing the degradation rate under different initial 

concentration, the photo degradation rate is reduced when increasing the 

concentration.110,119 The possible reason is that the more dyes will be absorbed on the 

ZnO surface and less radicals can be generated. In addition, higher concentration of the 

dyes may also prevent the photons from reaching the ZnO surface, thus less hole-

electron pairs will be generated. 

 Morphologies of the ZnO 
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The morphology of the ZnO plays a key role in the photodegradation of the organic 

dyes. ZnO can be synthesized with different morphologies, including nanorods, 

nanoprisms, flowerlike structures and nanoplates.120,121 Those ZnO with different 

structures will have different sizes and shapes, which can lead to different surface area 

of the ZnO photocatalyst. The high surface to volume can greatly affect the 

photodegradation performance.  Zhao et al. compared different ZnO nanostructures, 

and concluded that the ZnO with the larges surface area favored the mass transportation 

of the radicals and dyes and exhibited the highest photocatalyst efficiency.122 In 

addition, the surface of the ZnO nanostructures can also influence the efficiency. Jang 

et al. has compared the ZnO nanostructure with different faces, and found that the ZnO 

nanoplates with a high population of polar ZnO (0001) faces achieved the highest 

photocatalytic efficiency.123 Studies have also shown that the smaller size and higher 

crystallinity can also exhibit higher photocatalyst efficiency.124 

 

3.7.4 Immobilized ZnO 

 

To apply the ZnO for the photocatalyst, generally two method are used, the suspension 

system and the continuous flow system. In the suspension system, the ZnO particles 

are mixed with the dyes in solution under stirring and light irradiation, and the 

photocatalyst process occurred homogeneously in the solution.125 In the continuous 

flow system, the ZnO is immobilized on a substrate surface and the fluid flow 

containing the dye flow through the surface. Mass transfer of the dyes and radicals can 
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occur between the ZnO surface and the fluid to complete the degradation. Comparing 

the suspension system, the continuous flow system has several advantages over the 

suspension system, including s high surface-to-volume ratio, short diffusion distances, 

and rapid heat dissipation and mass transfer.126,127 Another advantage of the continuous 

flow system is that it doesn’t require additional process to separate and recover the 

photocatalyst, which ease the degradation process. Studies have shown higher 

efficiency of the continuous flow system than the suspension system. For example, Han 

et al. has grown ZnO on a glass substrate, which was further integrated into a 

microfluidic device and has shown a much higher photodegradation efficiency than the 

conventional method using dispersed ZnO NWs.128 

3.8 Experimental 

 

In this study, patterned ZnO thin film was coated on the quartz substrate surface by 

using a combination of the microreactor assisted solution deposition method to grow 

the ZnO thin film and the PDMS channels to create the pattern. The detailed process is 

same as in part I. The 3x1 inch quartz glass is used as the substrate, as the UV light can 

directly go through the quartz glass side to reach the ZnO film. To fit the quartz glass 

area, a different pattern with W shape was coated on the quartz glass. The 

photocatalysis experiment was conducted by flowing the methylene blue (MB) through 

the same shape of the PDMS channel and the coated ZnO thin film. The results of the 

cyclic photodegradation of the MB using the continuous flow system was 

systematically studied to demonstrate the kinetics and performance. 
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To fabric the microfluidic device for the photodegradation, the exact same PDMS 

pattern used to grow ZnO was covered onto the ZnO film on the quartz substrate to 

guide the dye flow. In this way, the dye solution can only flow through the coated part. 

To run the photocatalytic test, 0.03mM of the methylene blue solution in a reservoir 

was pumped into the microfluidic device by using a peristaltic pump (Ismatec, 

ISM404B), and the solution leaving the device was collected in the same reservoir, 

leading to a closed loop of the dye solution and continuous degradation of the dye. The 

device was irradiated from the quartz side by a 10W of the UV light source (UVP UVS-

18 ASSEMBLY) at 245nm throughout the flow of the methylene blue. The methylene 

blue concentration was estimated by measuring the UV-VIS absorption of the solution 

taken from the reservoir by the JASCO V-670 spectrophotometer every 30min. After 

the measurement, the solution was immediately poured back to the reservoir to 

maintain the total amount of the solution. The degradation rate was estimated by peak 

intensity change of the absorption spectra at around 664nm. Different parameters were 

controlled in the experiment to estimate the kinetics of the degradation process, 

including the running time, flow rate, initial concentration and the total amount of the 

MB in the reservoir. Figure 27 has shown schematic illustration of the setup for the 

photodegradation test. 
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Figure 27 Schematic illustration of the setup for the photocatalysis device for 

photodegrade the MB  
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3.9 Characterization of the ZnO film on the quartz glass 

 

 

Figure 28 The thickness of the film measured by using profiler: a) the thickness of the 

film, b) the profiler measurement order and the flow direction for deposition of the ZnO 

film 

 

Figure 28 shows the thickness of the ZnO film coated on the quartz substrate. The 

thickness of the film is estimated by the stylus profiler, at multiple spots from line 1 to 

line 4. From the stylus result, the thickness of the film is between 400 to 500nm. The 

ZnO film deposited on quartz also shows that the film is thinner in center of the channel, 

but thicker close to the wall. In addition, it shows that the film at different location have 
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similar thickness, which is due to the fast transport of the solution and the relatively 

low temperature difference between the substrate and the fluid. 

 

3.10 Characterization of the photocatalytic performance of the device 

 

3.10.1 The photocatalytic degradation of the MB with the time 

 

Figure 29 UV-VIS absorption spectra of the MB solution from the reservoir measured 

in an interval of 30min: a) the change of the absorption spectra, b) the change of the 

MB concentration in the solution 
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To estimate the performance of the microfluidic device in photodegradation, 10ml of 

the 0.03mM of MB was prepared in the reservoir. The cycle of the solution through the 

device was driven by the peristaltic pump in a fixed flow rate at 1.92mL/min. The MB 

solution was under photodegradation for 240min. The solution in the reservoir was 

measured by UV-VIS every 30min to observe the change of the intensity. It can be 

clearly seen that the MB was continuously degraded as the intensity was dropping with 

the time, as shown in Figure 29 (a). It shows that it takes 3h to degrade half of the 

concentration of MB in the solution. The decomposition rate is slow comparing to the 

literature.128 Despite of the different setup of the decomposition system, the main 

reason for the low photodegradation efficiency is due to the relatively high density of 

the ZnO nanostructure, which can lead to the low surface area for the reaction to occur. 

3.10.2 Kinetics study  

 

In the photocatalysis device, the reaction rate can be regarded as the pseudo-first-order 

reaction with respect to the MB concentration, and the degradation rate is: 

𝑟 =  −
𝑑𝐶𝑡,𝑐

𝑑𝑡
= 𝑘𝑜𝑏𝑠𝐶𝑡,𝑐                               𝐸𝑞(10) 

Where 𝑘𝑜𝑏𝑠 is the observed rate constant, and the 𝐶𝑡,𝑐 is the concentration of the MB. 

The observed rate constant is a result of competitive adsorption by intermediates,129 

which can be written as follows: 

𝑘𝑜𝑏𝑠 =  
𝑘𝐿−𝐻𝐾𝑎𝑑𝑠

1 +  𝐾𝑎𝑑𝑠𝐶0,𝑀𝐵
                                   𝐸𝑞(11) 
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Where the 𝑘𝐿−𝐻 is the reaction rate constant, 𝐾𝑎𝑑𝑠 is the adsorption coefficient of MB 

on the ZnO surface, 𝐶0,𝑀𝐵 is the initial concentration of the MB.  

The microfluidic device can be modeled as a plug flow reactor, by assuming the fluid 

is well mixed in the radial and angular direction. The mass balance equation for the 

plug flow reactor at the steady state can be expressed as follow: 

𝑑𝐶𝑀𝐵

𝑑𝑉𝐷
=  

𝑟

𝑄
                                                  𝐸𝑞(12) 

By substitute Eq (10) into Eq (12) we get: 

𝑑𝐶𝑀𝐵

𝑑𝑉𝐷
=  

𝑘𝑜𝑏𝑠𝐶𝑀𝐵

𝑄
                                         𝐸𝑞 (13) 

Solving Eq (13) will obtain: 

𝑙𝑛
𝐶𝑀𝐵,𝑜𝑢𝑡𝑙𝑒𝑡

𝐶𝑀𝐵,𝑖𝑛𝑙𝑒𝑡
=  −

𝑉𝐷𝑘𝑜𝑏𝑠

𝑄
= −

𝑆𝑘𝑜𝑏𝑠

𝑄
𝑙 = −𝑘′𝑜𝑏𝑠𝑙               𝐸𝑞(14) 

And 

𝑘′𝑜𝑏𝑠 =
𝑆𝑘𝑜𝑏𝑠

𝑄
                                              𝐸𝑞 (15) 

In Eq (14), the 𝐶𝑀𝐵,𝑜𝑢𝑡𝑙𝑒𝑡  and 𝐶𝑀𝐵,𝑖𝑛𝑙𝑒𝑡  is the MB leaving and entering the 

photocatalysis device, 𝑉𝐷 is the volume of the channel, 𝑆 is the cross section area of the 

channel, which is 0.3cm2; and l is the channel length, which is fixed at 15cm. 𝑘′𝑜𝑏𝑠 is 

the observed reaction rate constant as a function of length and flow rate. To estimate 

the observed rate constant, the 10ml of MB is supplied to the photocatalysis device, 

and the solution leaving the device was collected without cycling. Figure 30(a) has 
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shown the absorption intensity of the MB before and after flow through the device at 

different flow rate. It clearly shows that under higher flow rate, the photodegradation 

efficiency is reduced. By comparing the change of the absorption intensity of the MB 

entering and leaving the device, the 𝑘′𝑜𝑏𝑠  can be estimated. In Figure 30(b), it shows 

a linear relation between the 𝑘′𝑜𝑏𝑠 and the 𝑣−1, which is in good agreement with the 

Equation (14). 

 

Figure 30 a) the absorption intensity of the MB after photodegradation; b) relation 

between k'obs and the flow rate 
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The cyclic performance of the photocatalysis device under different total amount of the 

MB and different flow rate is also estimated. The test is running for 30min, with a cycle 

flow of the MB solution. Figure 31(a) has shown the change of the MB concentration 

under different total amount of the MB. In this case, the flow rate is fixed at 

1.92mL/min. With the increase of the total amount of the MB, the conversion 

percentage is decreased since more MB need to be decomposed. 

 In Figure 31(b), it has shown the performance of the photocatalysis device under 

different flow rates, but the total amount of the MB is fixed. In contrast to the result 

from Figure 30, the increased flow rate will also increase the photodegradation 

performance. This is mainly due to cycle of the MB solution. Since the solution leaving 

the device will flow back again to the device, a fast flow rate can result in more chance 

to flow through the ZnO film.  
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Figure 31 a) Photocatalytic efficiency under different total amount of the MB; b) under 

different flow rate 
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3. 11 Summary of the patterned ZnO photocatalytic performance 

In this chapter, the utility of patterned nanostructured ZnO films is demonstrated via a 

photocatalytic flow reactor by flowing the Methylene Blue (MB) solution through the 

PDMS microchannel coated with ZnO nanostructured films. The UV-Vis absorption 

spectrophotometer determines the photodegradation of the MB. The photodegradation 

kinetics is estimated by assuming a first-order reaction analyzed as a plug flow reactor, 

and an observed reaction rate constant at 0.0023min-1 is obtained. The performance of 

the photocatalytic device under different flow rates and the different amount of the MB 

solution is also studied.  
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CHAPTER 4 PART I. CUO THIN FILM FABRICATED BY 

MICROREACTOR-ASSISTED NANOMATERIAL SYNTHESIS AND THE 

PRINTING PROCESS 

4.1 Introduction 

By combing the microreactor and the PDMS channels as mentioned in previous 

chapters, different materials from ZnO can also be deposited onto a substrate. In this 

chapter, the process to deposit cupric oxide (CuO) and copper hydroxide nitrate 

(Cu2(OH)3NO3) using the combination of the MAND&PDMS channel is invesitaged. 

It shows that the process is capable of fabricating different materials by simply control 

the deposition condition, which makes it a useful tool for different thin film deposition. 

In addition, by controlling the process parameters, such as the reactants concentration 

or reaction temperature, CuO thin film with different morphologies or composition can 

be fabricate. Our process can also provide some insights of the growth mechanisms for 

the film, owing to its ability to control the composition and reaction degree of the 

precursor solution. 

 Cupric oxide (CuO) is an earth abundant metal oxide material that has wide application, 

due to its low cost, high stability and non-toxicity. CuO is an intrinsic p-type material 

with a band gap of 1.5eV. Many studies have been focused on the sensing properties 

of the CuO for different gas, including H2S
130–132, H2

133, CO134 and ethanol.135 The CuO 

often directly contacts a n-type material such as ZnO or SnO2 to form a p-n junction to 

enhance the sensing ability. The sensing property of the CuO is based on the negatively 

charged oxygen absorbed on its surface. When in contact of the reducing gas, such as 
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the H2S or CO, the negatively charged oxygen will react and lead to the decrease of the 

hole density and the CuO conductivity.136 

CuO can also work as the anode material for the lithium ion batteries due to tis high 

theoretical capacity, high safety, and low cost.137 One drawback of the CuO that restrict 

its application is its large variation during lithium ions insertion/extraction process.138 

To overcome this drawback, CuO with different morphologies and composite 

structures are designed. For example, carbon nanotubes or graphene and CuO 

composite are fabricated to enhance the electronic conductivity and long term 

stability.137,139 Different CuO morphologies, including microspheres, flower-like 

structures and thorn like structures have been made to improve the battery 

performance.140    

In addition, CuO can also be used in condensation enhancement141, where a 

hydrophobic CuO surface is fabricated on a substrate surface. During the condensation 

heat transfer process, as the vapor condensed to liquid in the form of droplets that has 

a high mobility and can be removed easily by gravity. The high mobility of the droplet 

formed on the CuO surface will enhance the heat transfer efficiency during the 

condensation process.  

Other applications of the CuO, including the p-type thin film transistor142, photovoltaic 

and photocatalytic application143,144, and antibacterial activity have also been reported. 

Due to its wide applications in different area, several methods have been developed to 

fabricate CuO thin film with diverse sizes and morphologies, including the 

electrochemical method145, chemical vapor deposition method146, heat treatment 
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method147, spray pyrolysis148, and the hydrothermal method149. Among those methods, 

hydrothermal method has attracted a lot of attention due to its easy procedure, low cost, 

and its capability to create different nanostructure.   

In a typical solution process for CuO, the precursor solution containing both the copper 

salt and alkaline hydroxide will be added into a beaker. By varying the concentration 

of the alkaline species, different nanostructures of CuO can be achieved.150 Liu et al. 

has demonstrate the process to synthesize the aligned CuO by a seed mediated 

hydrothermal method.151 In the hydrothermal method, the Cu2+ from the dissolved 

copper salt will firstly react with hydroxide ions OH- from the alkaline hydroxide to 

form the Cu(OH)2, which is usually regarded as the building block for the CuO.152 Then 

the Cu(OH)2 will further decompose to form the CuO under different conditions. The 

overall reaction procedures are shown below: 

OH−  + Cu2+  → Cu(OH)2  → CuO + H2O   

Different OH- from the alkaline hydroxide has also be used to make the CuO, namely 

the hexamethylenetetramine (HMTA). The HMTA will be decomposed upon heating 

and generate the formaldehyde (HCHO) and ammonia (NH3 ). The ammonia will 

further react with water (11) to form the OH− and the ammonium ions (NH4
+). The 

hydroxide ions can react with the Cu2+  to form the Cu(OH)2. The reaction of the 

decomposition of the HMTA in a heated water is: 

(CH2)6N4 + 6H2O → 6HCHO + 4NH3 

NH3 + H2O → NH4
+ + OH− 
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Studies have been focused on fabricating different CuO structures by controlling the 

growth parameters, including the temperature, reactants, concentrations, and the 

surfactants. For example, Fterich et al.153 has prepared the nanoparticles of CuO under 

different HMTA concentration and has shown that the sample with low concertation of 

HMTA has a high crystallite size and a low strain. Xu et al.154 has synthesized different 

structure of the CuO by changing the pH and the reactants concentration. Surfactant, 

such as CTAB is also added to the solution to achieve a flower-like nanostructures, and 

during the growth process, the Cu(OH)4
2− is considered as the building block for the 

CuO, since it will form CTA+ − Cu(OH)4
2− ion pairs during the hydrothermal process. 

In our MAND&PDMS process, same reactants as the hydrothermal method, copper 

nitrate and HMTA are used to form the CuO film. The chemical reactions by our 

process is same as the hydrothermal method, but the major difference is on the reactor 

type. As a continuous stirred process, the concentration of the reactants keeps changing 

throughout the process, while in our MAND&PDMS process, the nature of a 

continuous flow will maintain a constant concentration as long as the residence time is 

fixed. By using our process, it is possible to separate the building blocks formed under 

different growth condition, so that the growth of the CuO film can be more accurately 

controlled. Also, the growth mechanism of the CuO film can be better understand since 

the building block type and its concentration is fixed throughout the process. 
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4.2 Experimental 

 

Figure 32 Schematic illustration of the deposition process of CuO/Cu2(OH)3NO3 

The patterned CuO thin film was deposited onto the silicon wafer substrate using the 

same method as the patterned ZnO film deposition, as shown in Figure 32. The silicon 

wafer was cleaned by rinsing with acetone, methanol, and DI water and then immersed 

into 1M of NaOH for 5min to turn the surface to hydrophilic. After rinsed by DI water, 

and dried by nitrogen gas, a seed layer of copper oxide was deposited onto the 

substrates by spin coating the copper iodide (CuI, Alfa Aesar) in acetonitrile (Fisher 

Scietific) followed by annealing at 250℃ in the air for 1h. The CuO seed layer is to 

provide nucleation sites for the growth of the film. 

To grow the CuO nanorods, 0.01M aqueous cupric nitrate (Cu(NO3)2·2.5H2O, J. T. 

Baker) and 0.02M hexamethylenetetramine (HMTA, (CH2)6N4, Alfa Aesar) solutions 

were mixed and flew through a 1 meter helical structured tubing, similar as the setup 

to grow ZnO nanorods. This will result in a ratio between copper and HMTA 

(Cu/HMTA) equals to 1: 2. The helical tubing was immersed into a water bath to heat 



85 

 

up the mixed solution. The precursor solution was then supplied to the silicon substrate 

through a PDMS channel for the growth of the CuO. The substrate was heated by using 

a heating pad to control the growth temperature and with the building blocks formed in 

the tubing will further react on the substrate surface to form the CuO film.  

In this study, the system is also divided to 3 different zone, same as the ZnO deposition 

process. The growth conditions controlled in this process are the ratio between Cu and 

HMTA in zone-1, the bath temperature in zone-2 and the growth temperature of the 

film in zone-3. The film growth under different conditions shows a different 

morphologies and composition. Thus, it shows the capability of the microreactor-

assisted nanomaterial synthesis and the printing process to deposit different films with 

tunable properties. 

 

 

 

 

 

 

 

 

 



86 

 

 

4.3 Result and discussion 

4.3.1 CuO thin film fabricated with Cu/HMTA ratio at 1:2 

 

 

Figure 33 SEM image of the CuO film grown by MAND&PDMS channel and the EDS 

result for the films 

Figure 33 has shown the CuO film grown by using 0.02M HMTA and 0.01M aqueous 

cupric nitrate solution for 10min. The bath temperature in zone-2 is maintained at 70℃ 

while the substrate temperature in zone-3 is at 80℃. It can be clear observed that two 

layers are formed: a bottom layer consisting a dense thin film made of CuO, and an 

upper layer consisting of larger nanoplates made of Cu2(OH)3NO3. The picture on the 
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right has shown an enlarged view of the bottom layer. The CuO film is about 1.12μm 

in thickness and has the copper to oxygen ratio about 1 to 1, as indicated by the EDS 

result from the bottom layer in Figure 33. The upper layer consists larger plates with a 

length of 5μm, standing loosely to each other. The ratio between copper and oxygen 

for this upper layer is about 2 to 3, as indicated by the EDS result. In addition, the film 

on the bottom layer is much denser than the upper layer. Both morphology and 

composition difference between upper and bottom layer have implied a different 

growth mechanism for the two layers. 

4.3.2 CuO thin film fabricated at different bath temperature 

To further study the growth mechanism of the film deposited by our method, different 

ratios of the copper nitrate and the HMTA, and different bath temperatures was applied.  

The film was deposited on the silicon wafer substrate with different bath temperature 

in zone-2 at 80 ℃ , and 90℃ . The substrate temperature was kept same at 80 ℃ 

throughout the growth. From the Figure 34, it can be found that as the bath temperature 

increased to 80˚C and 90˚C, the upper layer of the Cu2(OH)3NO3 is disappeared.  At 

90˚C, only the dense CuO layer is left. Also, the thickness of the dense film is reducing 

as the bath temperature increasing. As illustrated in Figure 33, the film deposited at 

80˚C has the thickness of 710nm, and at 90˚C has the thickness about 650nm. 

The reason for the change of the thickness of the film and the film structure is due to 

the change of the decomposition of the HMTA. The HMTA is gradually decomposed 

in the tubing. As the temperature increased, the decomposition rate of the HMTA is 

also increased, which will lead to an increased concentration of the OH-. The OH- will 
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react with Cu2+ to form Cu(OH)2. According to our experiment result, when under 

lower temperature, less OH- are generated, and no sufficient OH- are provided to 

convert all the Cu2+ to Cu(OH)2, instead the Cu2(OH)3NO3 are produced . When under 

higher temperature, more OH- are generated, and the Cu(OH)2 is the major reactants, 

which will lead to the formation of the thinner but denser CuO film. Eventually, it’s 

the two reactions competing to grow on the substrate surface, resulting in different 

morphologies and composition.  

On the other hand, as the solution temperature increasing when flowing through the 

tubing, the homogeneous reaction will also be increased in zone-2, resulting in a 

consumption of the reactants in the solution. Thus, less reactants will be supplied to the 

substrate surface and the film, resulting in a thinner CuO film 

 

Figure 34 CuO deposited with bath temperature at: (a) 80˚C and (b) 90˚C 

4.3.3 CuO thin film fabricated at Cu/HMTA ratio at 1.5: 1 and 1: 6 

 

The film is also deposited with different copper nitrate and HMTA ratio, as controlled 

in zone-1. The bath temperature and the substrate temperature are both set to 80˚C. The 
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molarity ratio between copper nitrate and the HMTA is controlled to be 1.5 to 1 with a 

relatively higher concentration of copper, and to 1 to 6 with a higher concentration of 

the HMTA. Figure 35 has shown the SEM result of the deposited film with different 

ratio between copper and HMTA. It has shown in Figure 35(a) that with a higher 

concentration of HMTA, the larger plates are disappeared, with only the CuO film left 

similar as the result with higher bath temperature. The EDS result in Figure 35(c) shows 

the ratio between copper and oxygen in the film is close to 1:1, indicating the formation 

of the CuO film.  On the other hand, the CuO film is gone when the copper 

concentration is higher than the HMTA, only the Cu2(OH)3NO3 plates are fabricated 

on the substrate, with a copper to oxygen ratio at 1.8:1, as shown in Figure 34(b) This 

again can be explained by the OH- concentration. With a higher ratio between copper 

and HMTA, the concentration of OH- is lower so that not sufficient of Cu(OH)2 can be 

formed, while with a higher ratio between HMTA and copper, the OH- concentration 

is increased, and Cu(OH)2 is the dominate reactant and CuO film is deposited.  
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Figure 35 SEM image of the CuO film deposited with Cu/HMTA ratio at: a) 1:6 and 

b)1.5:1, and the corresponding EDS result:c),d). 

 

In addition, the morphology of the film is also different. For the CuO film deposited 

with Cu/HMTA ratio at 1:6, the film is not as dense as the CuO film with the ratio at 

1:2. For the Cu2(OH)3NO3 plates film, a higher concentration of the copper will form 

rectangular plates, while the plates formed in Cu/HMTA ratio at 2:1 ratio is more like 

a nanorod structure with a higher aspect ratio.  

A schematic illustration of the growth mechanism under different growth condition is 

shown on Figure 36. It is essential to control the amount of the OH- in the solution to 

deposit different types of the film on the substrate. A higher concentration of OH- can 
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lead to the formation of the CuO thin film, and lower concentration of OH- can lead to 

the formation of the Cu2(OH)3NO3 plates. One advantage of the combination of the 

micro-reactor system and the PDMS channel is that it can generate the precursor 

solution constantly with fixed concentration, which allows the study of the growth 

conditions of different materials. Another advantage is that the growth condition can 

be controlled through the system, which provides a useful tool for fabricating various 

thin films. 

 

 

Figure 36 Schematic illustration of the growth of different film morphologies under 

different deposition condition 
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4.3.4 Conversion of the Cu2(OH)3NO3 to CuO 

The Cu2(OH)3NO3 formed at the Cu/HMTA ratio of 1.5 to 1 is heated in air under 

450˚C for 30min. As shown in Figure 37 (a), the color has changed from blue to dark 

brown, indicating a CuO film has formed. The Figure 37(b) has shown the SEM image 

of the converted film and its EDS result. It is clearly can be seen that the smooth 

Cu2(OH)3NO3 plates are decomposed and replaced by nanoparticles. The EDS result 

shown the ratio between copper and oxygen is about 1.48 to 1. The lack of the oxygen 

atoms is probably due to Cu2O formed between 200˚C and 300˚C.155  

The film was analyzed by using XRD to identify the change of the crystal phase. As 

shown in Figure 38, it has shown a strong peak at 12.8˚ and 25.7˚ for the sample 

prepared with Cu/HMTA ratio at 1.5:1, which indicates the formation of the 

Cu2(OH)3NO3 crystal. After annealing, the peaks are gone, indicating the 

decomposition of the Cu2(OH)3NO3, as discussed above. In addition, it also shows the 

Cu2(OH)3NO3 peak for the film prepared at Cu/HMTA ratio at 1:2 and bath temperature 

80˚C. The weak of the Cu2(OH)3NO3 is expected, since it only partially formed the 

Cu2(OH)3NO3 layer. 
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Figure 37 a) Optical image of the Cu2(OH)3NO3 before and after annealing; b) SEM 

image and c) EDS result of the annealed Cu2(OH)3NO3 

 

 

Figure 38 XRD patterns of the CuO and Cu2(OH)3NO3 
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4.3.5 Conversion of the hydrophilic surface of CuO to hydrophobic 

From figure 39 (a) it can be found that the as-deposited CuO film is super-hydrophilic, 

with a contact angle of 16.7˚. The CuO film is fabricated at Cu/HMTA ratio at 1:6, and 

at 80˚C for both bath temperature and substrate temperature. However, it is reported 

that the surface will gradually turn to hydrophobic due to the decomposition of CuO to 

Cu2O.156  And our result has shown similar trend after exposing the CuO surface to air 

for 2 weeks, as the contact angle has increased to 67.7˚, as shown in Figure 39(c). 

Besides, the uncoated surface that directly contacted with PDMS during the deposition 

process has a contact angle about 122.2° in Figure 39(b), which is probably due to the 

residual PDMS left on the substrate surface. In this way, a hybrid surface with different 

wetting properties has been fabricated by using the microreactor-assisted nanomaterial 

synthesis and the printing process. 

 

Figure 39 Contact angle for the (a) as-deposited CuO film by CBD method, (b) the 

uncoated substrate contacted with PDMS during deposition, (c) the CuO after 2 weeks 

in air. 

(a) (b) 

(c) 



95 

 

4.4 Conclusion  

In this study, the microreactor-assisted nanomaterial synthesis and printing process 

was used to deposit patterned CuO and Cu2(OH)3NO3 nanostructures on surface, 

including dense nanocrystalline CuO film, CuO nanorods, Cu2(OH)3NO3 nanorods, 

and Cu2(OH)3NO3 nanoplates using the same reactants, Cu(NO3)2 and HMTA. The 

key process parameter that controls the formation of different products is the 

concentration of the OH- in the solution, which can be controlled by the ratio of the 

reactants and the temperature of the microreactor. High concentration of OH- leads to 

the formation of Cu(OH)2, which is then converted to CuO on the heated substrate 

surface. In contrast, low concentration of OH- leads to the formation of 

Cu2(OH)3NO3 . These results show the applicablity of the microreactor-assisted 

nanomaterial synthesis and printing process to deposit metal oxide nanostructures 

with controlled structure and composition. 

 

CHAPTER 4 PART II. ZNO/CUO DIODE FABRICATED BY USING 

THE MICROREACTOR-ASSISTED NANOMATERIAL SYNTHESIS AND 

THE PRINTING PROCESS 

 

4.5 Introduction 

 

In recent years, CuO/ZnO based-heterojunction has received growing attention in 

different fields, due to their stability, cost-effectiveness and unique properties of 
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dimensionality-dependent. Coupling n-type ZnO and p-type CuO together to form p-n 

heterojunction is an effective approach to promote the charge separation and limit the 

charge recombination, and junction has been used in a variety of applications, including 

light detection157,158, photocatalysis159,160, gas sensing132,161, solar cells162,163, field 

emission.164 Herein, we demonstrate the process to fabricate the ZnO/CuO 

heterojunction using the microreactor-assisted nanomaterial synthesis and the printing 

process. In this study, two different layers of thin film with CuO at the bottom and ZnO 

on the top can be fabricated successively, which enables more complicated thin film 

deposition. And these composite thin films can be potentially used in more fields than 

a single layer of the film. 

4.6 Experimental details to fabricate ZnO/CuO 

To fabricate the ZnO/CuO diode, a total thickness of 50nm of chromium (Cr) and gold 

(Au) was deposited by thermal evaporation method onto a glass substrate, as the 

electrical conductor. The CuO film was deposited onto the gold film following the same 

process as mentioned in Chapter 4, part I. The pattern used to fabricate the CuO film is 

a W shaped pattern, with width of 3mm for each line, and length of 37.5mm. To 

guarantee a pure CuO film, ratio between copper and HMTA is controlled at 3:1, with 

bath temperature at 80˚C and substrate temperature at 100˚C. After the growth of the 

CuO film, ZnO film was deposited onto the CuO thin film by following the same 

process described in Chapter 2. All the ZnO film were deposited under same condition, 

and a line pattern is used, with width of 1mm and length of 19mm. The ZnO has a 

smaller area than the CuO, so that no contact between ZnO and Au will occur. The 
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overall process to fabricate the ZnO/CuO/Au diode is illustrated in Figure 40 with each 

ZnO/CuO line assigned with a number.  

 

 

Figure 40 Process to fabricate ZnO/CuO/Au diode 
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4.7 Characterizations of the ZnO/CuO heterojunction 

4.7.1 UV VIS 

 

Figure 41 UV-VIS spectrum of a) as-deposit CuO film and b) ZnO film on glass. 

Inserted images are the calculated bandgap 
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Figure 40 shows the UV-VIS spectrum of the ZnO and CuO film coated on glass 

substrate. CuO is a p-type material with an indirect band gap of 1.2eV.165 The UV-vis 

spectrum of the CuO shows a blue-shift and a wider band gap at 1.65eV, due to a 

quantum confinement effect.38 The ZnO fabricated in this experiment has band gap of 

3.4eV, which is similar as the film deposited in chapter 2.  

4.7.2 SEM  

 

Figure 42(a) shows the cross-sectional SEM of the ZnO/CuO/Au diode in the center of 

line 4, as marked in Figure 39. It has shown that the ZnO film is about 316nm, and 

CuO film is about 229nm in thickness. Both CuO layer and ZnO layer are relatively 

dense and have the same morphology as the individually deposited film. Also, the CuO 

film and the ZnO film are directly contacted. Figure 42 (b) shows an elemental mapping 

of copper and zinc.  In chapter 3, it shows that the ZnO film has a low photocatalyst 

efficiency due to the dense packed ZnO nanostructure. However, the dense film can be 

an advantage in diode fabrication process. The dense packed of the film is important to 

avoid direct contact between probe and CuO, which can lead to the failure of the 

measurement of the electrical properties. 

Also, the larger plates of the Cu2(OH)3NO3 is not observed in SEM. Only a dense CuO 

film is observed on substrate. The lack of the Cu2(OH)3NO3 is due to the high 

concentration of the HMTA that can provide sufficient OH- for the formation of the 

CuO.  
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Figure 42 (a) Cross-sectional SEM image of ZnO/CuO/Au, and (b)elemental mapping 

of Cu and Zn 

 

4.7.3 Stylus profiler 

Figure 43 shows the thickness of CuO film and ZnO/CuO film measured by stylus 

profiler. The scan starts from line 1 to line 4, through the center of the lines. The 

thickness of the CuO film remains same after the growth of ZnO film. The ZnO film 

shows the same thickness for all the 4 lines, since the deposition conditions are identical. 

All the ZnO film have been deposited inside the CuO line without directly touching to 

the Au surface. From line 1 to line 4, the CuO film shows a slight increase of the 

thickness, which probably due to the increased temperature of the solution in the PDMS 

channel, the increased temperature will accelerate the reaction rate on the substrate 

surface, and also promote more OH- formed in the solution to react with Cu2+.  
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Figure 43 Thickness of CuO and ZnO/CuO measured by stylus profiler 

 

4.7.4 Current-voltage characteristic of the ZnO/CuO diode 

The current-voltage characteristics of the ZnO/CuO heterojunction diode on each line 

was studied at room temperature. The result is presented in Figure 44(a) in linear scale. 

The I-V result shows a similar trend for all the four diodes, which is probably due to 
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the similar structure and thickness of the CuO and ZnO film. The rectifying behavior 

of I-V is presented at Figure 44 (b), by comparing the current at forward bias at 3V and 

reverse bias at -3V. Also, at higher forward bias, the current varies linearly with the 

voltage, suggesting bulk resistance controlled diode behavior.166 The estimated the 

turn-on voltage is about 2V. 

 

Figure 44 a) Forward and reverse bias I-V characteristics of ZnO/CuO heterojunction 

on each line, b) the rectifying behavior  
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4.8 Summary 

In this study, heterojunction ZnO/CuO bi-layer film was successfully fabricated using 

the microreactor-assisted nanomaterial synthesis and printing process. The bilayer film 

was built by depositing a patterned nanocrystalline CuO film on a gold-coated glass 

surface using the microreactor-assisted nanomaterial synthesis and printing process, 

followed by the deposition of ZnO nanostructured film with a smaller-size pattern using 

the same process. The heterojunction ZnO/CuO bi-layer film shows rectifying behavior 

with a turn-on voltage of  2V; it allows currents to flow when forward biased and passes 

only low leakage currents with reverse bias; the p-n diode has a rectification ratio 

around 104, which is comparable to the values among the best solution-processed p-n 

junction diodes. The results of this study demonstrate the capability of our 

microreactor-assisted nanomaterial synthesis and printing process to fabricate 

structured thin films for functional devices.  
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   CHAPTER 5: CONCLUSION AND FUTURE WORK 

This dissertation has demonstrated a thin film deposition method by using the 

combination of microreactor-assisted nanomaterial deposition and the PDMS patterned 

microfluidic channel. The microreactor system is capable of generating various 

precursor solution with designated composition and concentration, which serve as the 

building blocks for the thin film growth. As the precursor solution supplied to the 

PDMS channel covering on the substrate, a thin film will be deposited on the substrate 

surface. The whole system is divided into 3 zones: a mixing zone, a homogeneous zone 

and a deposition zone. By controlling the growth parameters in different zones, the 

kinetics and mechanisms of the film growth can be studied. 

In this study, ZnO and CuO thin film are successfully deposited onto different 

substrates by using the microreactor-assisted nanomaterial synthesis and the printing 

process, and it has been proven to be an efficient method to deposit nanostructured thin 

film. To better understand the ZnO thin film growth kinetics and to better control the 

thin film growth process, temperature of the microreactor, temperature of the substrate, 

residence time and the flow rate are controlled. A higher flow rate, lower residence 

time and higher temperature can lead to a faster growth of the film. The ZnO thin film 

thickness are measured by using scanning electron microscope (SEM) and stylus 

profiler. With the measured thickness data under different growth conditions and 

simulated result from COMSOL, the growth kinetics of the ZnO is estimated. 

To demonstrate the printing capability of the microreactor-assisted nanomaterial 

synthesis and the printing process, the PDMS channels with different shapes are 
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designed and applied to the deposition of ZnO thin film, and different patterns, 

including spiral patterns, parallel patterns and symmetry patterns, are successfully 

printed. Thickness measurement and the COMSOL simulation are used to give an 

insight of the properties of deposited thin film. It is found that the flow rate and the 

growth temperature are two major factors that influence the thickness of the film. And 

by controlling the flow rate, it is possible to fabricate the patterned thin film with 

uniform thickness. 

CuO and Cu2(OH)3NO3 film can also be obtained by using the same microreactor-

assisted nanomaterial synthesis and the printing process. Different nanostructures and 

materials can be obtained by controlling the temperature and reactants composition in 

the microreactor. Owing to its capability of controlling the reaction conditions, the 

microreactor can generate the precursor solution with controlled ratio between Cu and 

HMTA, which eventually lead to the different growth path for the CuO and 

Cu2(OH)3NO3. SEM and X-ray diffraction (XRD) are used to characterize the film 

deposited under different condition, and it is found that the concentration of the OH- is 

the key to control the result. 

The applications of the ZnO and CuO thin film deposited by this process are also 

studied. The patterned ZnO thin film is used as a photocatalyst for degradation of 

methylene blue (MB). The photocatalyst performance under different flow rate, total 

amount of the MB and the degradation time is studied to obtain the kinetics of the 

photocatalyst. In addition, the ZnO/CuO composite film is also fabricated by using 

microreactor-assisted nanomaterial synthesis and the printing process and exhibits the 
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p-n junction property. The study shows that our process is capable of fabricating 

complicated films with different functions. 

In conclusion, the microreactor-assisted nanomaterial synthesis and the printing 

process is developed, which can provide: 

1) A fast, efficient scalable way to deposit nanostructured thin film with different 

film patterns. 

2) A separation of the homogeneous and heterogeneous reaction to give an 

insight into the growth kinetics and mechanisms of the thin film. 

3) A tool to fabricate thin film with different applications. 

Two major area of future work is listed below: 

1) To investigate the detailed reaction kinetics and mechanism inside the 

microreactor to fully understand the deposition process. 

2) To investigate more applicable materials and the applications of patterned 

nanomaterials thin film. 
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