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ABSTRACT 

ZnO rod film is a promising material for electrodes and sensors due to its large surface area and 

high electrical conductivity. One of the drawbacks of conventional ZnO rod film is the random 

orientation of rods. In this study, an oriented ZnO seed layer composed of hexagonal plate-like 

ZnO particles was prepared by dip-coating. An oriented ZnO rod film was then synthesized by 

growing this seed layer using a hydrothermal synthesis method. We optimized the concentration 

of the precursor and the hydrothermal treatment time to synthesize homogeneous ZnO rod arrays. 

The uniformity of the rod arrays was improved by applying a strong magnetic field (12 T) during 

hydrothermal treatment.  
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1. Introduction 

Zinc oxide (ZnO) is an n-type semiconductor with a bandgap of 3.37 eV (10 K) 1 or 3.3 eV (room 

temperature) 2 and a wurtzite structure. The piezoelectric and pyroelectric properties of ZnO are 

derived from the symmetry of P63mc. 3 As a result of these properties, ZnO can be used as a SAW 

filter 4 and piezo actuator. 5 Reported electron mobility of ZnO is 200 cm2/Vs (synthesized by 

hydrothermal method)6, 155 cm2/Vs (PLD)7, 130 cm2/Vs (MBE)8, 440 cm2/Vs (PLD)9. These 

values are relatively high for an oxide semiconductor. Doping aluminum into ZnO increases 

conductive electrons and improves conductivity. This material (Al-doped ZnO) is called AZO10,11 

and is known as a typical transparent conductive oxide (TCO)12 along with indium tin oxide 

(ITO)13 and fluorine-doped tin oxide (FTO)14–16. Although ZnO normally exhibits n-type behavior, 

nitrogen, and aluminum co-doped ZnO exhibits p-type behavior.17 Due to the high transparency 

and mobility of ZnO, it is used as transparent conductive film18, thin film transistor 19, and solar 

cell material 20,21. Furthermore, when flammable gas is adsorbed on the surface of ZnO, electrons 

are donated to the conduction band of ZnO, and the electric conductivity changes. For these 

reasons, ZnO is used as a semiconductor-type gas sensor. 22–24 The advantage of ZnO is that it is 

less expensive than tin oxide (SnO2)
 25 when used for a semiconductor gas sensor.  

ZnO particles take various shapes depending on the method used to synthesize them. Hexagonal 

plate 26, spindle 27, donut 28, hexagonal columnar, hexagonal pyramid, wire, urchin 29, and sphere 

30,31 shaped particles have been synthesized thus far. The flexible shape of ZnO is useful for its 

applications. For example, when ZnO is used as a gas sensor or catalyst support, rod-shaped ZnO 

is advantageous due to its large surface area. In another case, it has been reported that ZnO rods 

and Poly(3-hexylthiophene-2,5-diyl) (P3HT) make a bulk heterojunction structure with excellent 
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properties as photovoltaic devices.32–34 Other than ZnO rods/P3HT, photovoltaic devices using 

ZnO rods/metal-organic perovskites35 and ZnO rods/cadmium sulfide36 have been reported. 

ZnO needs to be fixed on a substrate in order to be applied to electrodes and sensors. In particular, 

ZnO rod arrays formed on the substrate have attracted attention due to their large surface area and 

high electroconductivity. The following methods are used to grow ZnO directly from a substrate. 

ZnO rods with a diameter of 80 to 120 nm and a length of 10 to 20 μm can be synthesized by vapor 

phase growth using gold nanoparticles fixed on a substrate as a catalyst.37 A ZnO rod with a 

thickness of 20 nm and a diameter of about 400 nm can be synthesized by a hydrothermal synthesis 

method using polycrystalline ZnO film as a seed.38 When these synthetic methods are used, ZnO 

grows in random directions from gold particles and polycrystalline ZnO, and it is difficult to 

construct a ZnO array with controlled crystal orientation.  

In this study, we prepared a seed layer in which hexagonal plate ZnO particles were regularly 

arranged on a substrate. Then, an oriented ZnO rod was grown on the seeded layer. ZnO particles 

were arranged regularly by preparing two-dimensional colloidal crystals of hexagonal plate-like 

ZnO particles. Two-dimensional colloidal crystals are monodispersed particles arranged on a 

substrate with translational symmetry. These colloidal crystals have been produced by dip-coating 

dispersions of silica or polystyrene spherical particles onto clean substrates.39,40 Two main driving 

forces for the growth of two-dimensional colloidal crystals have been identified. One is the flow 

of solvent generated by the evaporation of solvent from two-dimensional colloidal crystals. The 

other is an attractive force known as the lateral capillary force generated between particles via 

surface tension.41,42 Because this method can control the diameter of the rod by changing the size 

of the particles used for the seed, it is possible to synthesize ZnO rods of various shapes on the 

substrate.  
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We used a hydrothermal synthesis method to grow ZnO rods and investigated the effects of 

reaction time and precursor concentration on the rod shape. Although zinc nitrate is often used as 

a raw material for synthesizing ZnO rods via the hydrothermal synthesis method,43–46 we used zinc 

hydroxide as a raw material to eliminate the effect of counter ions. For stable crystal growth, 

hydrothermal treatment was performed even in a high magnetic field. A method of growing a 

crystal by the Czochralski method in a magnetic field can be used to grow a single crystal of 

silicon.47 In this method, convection is suppressed by a high magnetic field and the temperature 

distribution becomes homogeneous so that a homogeneous single crystal can be produced. 

Suppression of convection by a high magnetic field has been also reported in an aqueous solution.48 

In our study, we applied this method of crystal growth in a magnetic field to the hydrothermal 

synthesis method to control the shape of the ZnO rod. ZnO is not a magnetic material but has a 

very weak diamagnetic anisotropy. It has been reported that when cast molding is performed in a 

high magnetic field, a green body can be obtained in which the c-axis is oriented perpendicular to 

the rotating magnetic field.49 In addition, it has been reported that when non-magnetic metal 

bismuth is vapor-deposited in a strong magnetic field, a crystal film oriented in the magnetic field 

direction can be obtained. 50 This means that the orientation of the crystal nuclei is affected by the 

magnetic field when particles are heterogeneously nucleated on the substrate. In our case, the 

magnetic field may also cause the formation of crystal nuclei with an orientation different from 

that of the seed crystal. In this study, we also investigated whether the orientation of ZnO rods 

changes in response to a high magnetic field. 

 

2. Experimental method 

2.1 Fabrication of ZnO seed layer 
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The ZnO seed layer was formed on the indium tin oxide (ITO) coated glass substrate (12 mm×12 

mm) as the foundation of the ZnO rod arrays. Hexagonal plate-like ZnO particles XZ-1000F-LP 

(Figure 1) manufactured by Sakai Chemical Industry Co., Ltd. (Osaka, Japan) were used as seed 

particles. Typical diameters and thicknesses of hexagonal plate-like particles are about 1000 nm 

and 200 nm, respectively, including some small particles. Ethanol (FUJIFILM Wako Pure 

Chemical Corporation, Osaka, Japan), polyethyleneimine (FUJIFILM Wako Pure Chemical 

Corporation, Osaka, Japan, molecular weight: 10000), and hexagonal plate ZnO particles were 

placed in a beaker so that the total volume was 10 mL. A ZnO dispersion was prepared by repeating 

ultrasonic irradiation (300 W, 20 kHz) for 3 minutes and a 2-minute stop cycle ten times each in 

an ice bath using an ultrasonic homogenizer (US-300T: NIHONSEIKI KAISHA LTD., Tokyo, 

Japan). The concentration of ZnO particles were 1, 7.5, and 10 vol% with respect to the solvent. 

The amount of polyethyleneimine added was 0.3% with respect to ZnO.  

Next, the ZnO dispersion and ITO glass were set in a dip-coater (ND-0407-S5: SDI Company 

Ltd., Kyoto, Japan), and dip-coating was performed at a withdrawal speed of 5 μm/s. A ZnO seed 

layer was prepared by heating this substrate at 200 °C for 10 min. To investigate the effect of the 

withdrawal speed on the morphology of the seed layer, the ZnO concentration was fixed at 10 

vol.%, and dip-coating was performed at withdrawal speeds of 5, 10, 100, 1000 μm/s.  

 

2.2 Synthesis of zinc hydroxide 

Zinc hydroxide was synthesized as a counter ion-free precursor used for the crystal growth of 

ZnO. 5.0 g of zinc nitrate hexahydrate(Zn(NO3)2・6H2O: FUJIFILM Wako Pure Chemical 

Corporation, Osaka, Japan) was dissolved in 500 mL of distilled water to prepare an aqueous zinc 

nitrate solution. 28 wt% ammonia solution (FUJIFILM Wako Pure Chemical Corporation, Osaka, 
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Japan) was added dropwise until the pH of the aqueous zinc nitrate solution reached 7.6 to obtain 

a white precipitate. The obtained precipitate was filtered and then dried at 55 °C for 2 hours to 

obtain a powder sample. 

 

2.3 Fabrication of ZnO rod arrays by hydrothermal method 

Hydrothermal treatment was conducted to fabricate ZnO rod arrays from the seed layer. The 

zinc hydroxide obtained in section 2.2 was added to 35 mL of distilled water so that the zinc 

concentration became 0.02, 0.05, and 0.1 mmol/L, and ammonia solution was added to adjust the 

pH to 11. This suspension and the ZnO seed layer prepared in section 2.1 were placed in a stainless 

steel/Teflon autoclave container (volume 50 mL) and subjected to hydrothermal treatment at 

120 °C for 0.5, 3, 6, and 12 hours. The substrate was placed with the seed layer facing down. After 

the hydrothermal treatment, the substrate was washed with distilled water, and SEM observation 

and XRD measurement were performed.  

 

2.4 Effect of magnetic field on hydrothermal treatment 

To investigate the effect of the magnetic field, hydrothermal treatment was performed on the 

ZnO seed layer in a superconducting magnet (JMTD12T100NC5, Japan Superconductor Tech. 

Inc., Kobe, Hyogo, Japan). Figure 2 shows a schematic illustration of a hydrothermal treatment 

facility in a strong magnetic field. In this experiment, a small brass/Teflon autoclave (volume of 

20 mL) was used to insert into a superconducting magnet. The zinc hydroxide obtained in section 

2.2 was added to 15 mL of distilled water so that the zinc concentration became 0.1 mmol/L, and 

ammonia solution was added to adjust the pH to 11. This suspension and the ZnO seed layer 

prepared in section 2.1 were placed in an autoclave container, and hydrothermal treatment was 
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performed at 120 °C for 3 hours while applying a magnetic field of 12 T. The direction of 

application of the magnetic field was perpendicular or horizontal with respect to the substrate. 

After the hydrothermal treatment, the substrate was washed with distilled water, and SEM 

observation was performed. 

 

3 Results and discussion 

3.1 Optimization of dip-coating condition 

Figure 3 shows SEM images of dip-coated ZnO films prepared from a suspension with a ZnO 

volume fraction of 1, 7.5, and 10% at a withdrawal speed of 5 μm/s. When the particle 

concentration was 1 vol.%, the particle density on the substrate was low. The particle density on 

the substrate increased as the particle concentration of the suspension increased. The highest 

density ZnO film was obtained when a suspension with a particle concentration of 10 vol.% was 

used. 

The following equation demonstrates that when the volume fraction of the particles in the 

solution is low, the packing density also becomes small.  

According to Nagayama et al., the growth rate vc of the two-dimensional colloidal crystal film 

can be represented by the following equation, 51 

 𝑣𝑐 =
𝛽𝑙𝑗𝑒𝜑

ℎ(1−𝜖)(1−𝜑)
. (Eq. 1) 

Here, β is the ratio of the flow velocity of water to the particles, l is the evaporation range width 

of the particle film growth point, je is the solvent evaporation rate near the film growth, φ is the 

volume fraction of the particles, h is the film thickness, and ε is the porosity of the film. The 

following Eq. 2 is a modification of Eq. 1 focusing on the packing density (1-ε), 
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 (1 − 𝜖) =
𝛽𝑙𝑗𝑒

ℎ𝑣𝑐

𝜑

1−𝜑
. (Eq. 2) 

The predictions from these equations are consistent with the results of the experiment.  

Figure 4 shows SEM images of ZnO seed layers formed with the suspension concentration fixed 

at 10 vol.% and the dip-coat withdrawal speeds set to 5, 10, 100, and 1000 μm/s. The hexagonal 

plate ZnO particles appeared to have a close-packed structure in samples with a withdrawal speed 

of 5 and 10 μm/s, but the particles accumulated sparsely and irregularly when the withdrawal speed 

was 100 and 1000 μm/s. When the withdrawal speed is high, the transport of particles derived from 

the solvent flow cannot follow the withdrawal speed. Therefore, the particle density on the 

substrate decreases, and an irregular deposition of particles occurs because there is not enough 

time for the particles to rotate and settle in the most stable position. Figure 5 shows the XRD 

pattern of the ZnO seed film formed with withdrawal speeds of 5, 10, 100, and 1000 μm/s. Because 

the diffraction peak on the 002 plane of ZnO was strong at all withdrawal speeds, the c-axis of the 

ZnO particles was oriented perpendicular to the substrate. When the sample withdrawal speed is 

low, peaks other than the 002 plane, such as the 100 and 101 planes, become smaller. Figure 6 

shows the degree of orientation of each sample evaluated by the Lotgering factor. Lotgering factor 

F was calculated by the following Eq. 4 using the diffraction intensity ratio ρ (Eq. 3) of the 00l 

plane of the sample and the diffraction intensity ratio ρ0 of the 00l plane of the non-oriented ZnO. 

52 

 

 𝜌 =
∑ 𝐼(00𝑙)𝑙

∑ 𝐼(ℎ𝑘𝑙)ℎ𝑘𝑙
. (Eq. 3) 

 

 𝐹 =
𝜌−𝜌0

1−𝜌0
. (Eq. 4) 

 



 10 

To prepare a highly oriented film, the withdrawal speed should be as low as possible, and the 

optimal results were obtained specifically at 5 μm/s. In the sample prepared at 5 μm/s, the F value 

was 0.98, which was close to a perfect orientation. Even the sample prepared at the withdrawal 

speed of 1000 μm/s, which has the lowest degree of orientation, showed a high degree of 

orientation with an F value of 0.89. 

 

3.2 Effect of hydrothermal treatment time on rod shape 

A ZnO rod array was obtained by hydrothermal synthesis using hexagonal plate ZnO as a seed 

crystal. The crystallographic direction of the ZnO rods was the same as that of the seed crystals, 

and the c-axis was perpendicular to the substrate. Figure 7 shows an SEM image of a sample with 

the duration of hydrothermal treatment from 30 minutes to 12 hours. At the initial stage of the 

reaction, only the edge of the seed crystal grew, and the central part of the seed crystal was filled 

subsequently. On the contrary, crystal growth was not observed in the in-plane direction of the 

substrate (a b-axis direction) in any of the samples. The initial thickness of the seed layer was 0.2 

μm, and the thickness became 1.4 μm after 3 hours of crystal growth. Figure 8 shows a plot of the 

ZnO film thickness against the hydrothermal treatment time. The crystal growth was completed 

within 3 hours from the start of hydrothermal treatment, and there was almost no change in 

thickness after that.  

In the early stages of hydrothermal synthesis, only the edges of the ZnO rods grew, which are 

known as hollow crystals or hopper crystals. 53,54 Hopper crystals form as a result of the Mullins-

Sekerka instability 55 and when crystal growth is diffusion controlled. This shape is obtained 

because the Zn or O atoms cannot be supplied to the concave portion and the growth occurs only 

in the convex portion. From the middle to late stages of hydrothermal synthesis, the supersaturation 
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decreases, and the crystal precipitation rate slows down. Then, the uptake of atoms on the surface 

becomes the rate-determining factor for crystal growth, and the cavity disappears. Growth in the 

in-plane direction of the substrate did not take place, suggesting that the hollow crystal fills from 

the bottom surface instead of from the walls.  

 

3.3 Effect of precursor concentration on rod shape 

To investigate the effect of the precursor concentration on the shape of the ZnO rod, the 

hydrothermal treatment time was fixed at 6 hours. Figure 9 shows SEM images of the top view 

and cross-section of the ZnO rod array films synthesized at precursor concentrations of 0.02, 0.05, 

and 0.1 mmol/L. 

Hollow crystal rods were generated when the precursor concentration was 0.02 mmol/L, and 

solid crystal rods were generated when the precursor concentration was 0.05 and 0.1 mmol/L. Thus, 

a concentration of 0.05 mmol/L or more is required to form a solid ZnO rod.  

Under the precursor concentration of 0.05 mmol/L or more, the film thickness was constant 

regardless of the concentration of the precursor. This is because the raw material was consumed 

in a place other than the substrate and deposited as ZnO particles in the solution. In the initial stage 

of the hydrothermal reaction, the supersaturation of ZnO rapidly increased, and homogeneous 

nucleation occurred in the solution. The higher the concentration of the raw material, the more 

crystal nuclei were generated by homogeneous nucleation, and the raw material was consumed for 

the growth of crystals in the solution.  

 

3.4 Effect of magnetic field 
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Figure 10 shows SEM images of ZnO rod arrays synthesized in a magnetic field of 12 T. Figure 

10 (a) is grown arrays without a magnetic field, (b) is grown arrays with a magnetic field applied 

perpendicular to the substrate, and (c) is grown arrays with a magnetic field applied parallel to the 

substrate. All samples were thinner than when grown in a 50 mL hydrothermal container because 

there was less precursor than in the 50 mL container. The growth of the rod was enhanced by a 

magnetic field. No difference in crystal orientation was observed irrespective of the direction in 

which the magnetic field was applied. In the case of the Czochralski method in a magnetic field, 

the convection of the melt is suppressed by the strong magnetic field, and the quality of the crystal 

is improved through improved temperature uniformity. In the present work, the growth of the ZnO 

rod could be promoted as the convection of the solution was suppressed by the application of the 

magnetic field and the temperature uniformity was improved. The orientation of ZnO did not 

change irrespective of the direction of the applied magnetic field, which may be attributed to the 

grain boundary energy of the crystal. 

The magnetic energy per unit volume (U) of a diamagnetic material having a volume magnetic 

susceptibility of χ under the magnetic flux density (B) is given by the following Eq. 5,56 

 𝑈 = −
𝜒𝐵2

2𝜇0
. (Eq. 5) 

When the magnetic susceptibility has anisotropy, the difference between the magnetic energy of 

the easy and hard axes of magnetization is the anisotropic energy ΔU as shown in the following 

Eq. 6,  

 ∆𝑈 = −(𝜒𝑒𝑎𝑠𝑦 − 𝜒ℎ𝑎𝑟𝑑)
𝐵2

2𝜇0
= −∆𝜒

𝐵2

2𝜇0
. (Eq. 6) 

Here, Δχ is magnetic anisotropy, χeasy is the magnetic susceptibility of the easy axis of 

magnetization, and χhard is the magnetic susceptibility of the hard axis of magnetization. 
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The Δχ value of ZnO is required to calculate the orientation energy of ZnO under the magnetic 

field. However, the Δχ value of ZnO has not been reported. The magnetic susceptibilities of ZnO 

(-2.54×10-5:SI system)57 and Al2O3 (-8.93×10-5:SI system) 58 are small and in the same order, so 

we may be able to use the absolute value of Δχ of Al2O3 as that of ZnO for the following discussion. 

Room temperature magnetic susceptibility is used in this discussion, as it was reported that the 

temperature dependence of magnetic susceptibility (dχ/dT) of diamagnetic materials is quite small 

((dχ/T)/χ < 10-3 [K-1]).59 The Δχ of Al2O3 has been reported to be 5.28×10-9. 58 Inserting the Δχ 

value of Al2O3 into Eq. 6 gives the magnetic anisotropy energy -3.02×10-27 [J/nm3]. If the magnetic 

anisotropy energy of the nm-sized nucleus is larger than the grain boundary energy, epitaxial 

growth may be ignored and crystal growth in a direction different from that of the seed crystal may 

happen. The grain boundary energy of Al2O3 is reported to be about 0.19×10-18 ~ 2.23×10-18 

[J/nm2]. 60 Because the grain boundary energy is overwhelmingly larger than the magnetic 

anisotropy energy, epitaxial growth from the seed occurs regardless of the direction of magnetic 

field application.  

 

Conclusion 

Hexagonal plate ZnO particles were arranged regularly on an ITO glass substrate by optimizing 

the concentration of ZnO particles in the dip-coat solution and the withdrawal speed. The results 

of analysis by SEM and XRD showed that the c-axis of the ZnO crystal was perpendicular to the 

substrate. The high degree of orientation was characterized by the high Lotgering factor of 0.98. 

When the ZnO crystal was grown by hydrothermal synthesis using the obtained alignment film as 

a seed crystal, a ZnO rod could be homoepitaxially grown. The growth of the ZnO rod peaked in 

about 3 hours, and the film thickness increased from 200 nm to 1400 nm. When the precursor 
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concentration was low, rods with a hollow structure formed during hydrothermal synthesis, 

whereas rods with a solid structure were formed when the concentration was high. In hydrothermal 

synthesis in a magnetic field, we observed uniform rod growth due to the convective inhibition 

effect. The crystal orientation was unaffected by the application of an external magnetic field 

because the grain boundary energy exceeds the magnetic energy. 
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Figure 1. SEM image of hexagonal plate ZnO. 

 

Figure 2. Illustration of hydrothermal treatment facility in a strong magnetic field. 
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Figure 3. SEM images of ZnO arrays on ITO substrate fabricated from (a) 1 vol.%, (b) 7.5 

vol.%, and (c) 10 vol.% suspensions. 

 

Figure 4. SEM images of ZnO arrays on ITO substrate fabricated by dip-coating with withdrawal 

speeds of (a) 5 μm/s, (b) 10 μm/s, (c) 100 μm/s, and (d) 1000 μm/s. 
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Figure 5. XRD patterns of dip-coated substrates with different withdrawal speeds. 

 

Figure 6. Lotgering factor obtained from XRD of the dip-coated substrate with different 

withdrawal speeds. 
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Figure 7. Top and side views of ZnO arrays grown by hydrothermal method for (a) 0.5 h, (b) 3 h, 

(c) 6 h, and (d) 12 h. 
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Figure 8. Dependence of ZnO film thickness on hydrothermal growth time. 
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Figure 9. Top and side views of ZnO arrays grown by hydrothermal method with different 

precursor concentrations: (a) 0.02 mmol/L, (b) 0.05 mmol/L, (c) 0.1 mmol/L. 
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Figure 10. Top and side views of ZnO arrays grown by hydrothermal method with an external 

magnetic field: (a) No magnetic field, (b) magnetic field perpendicular to substrate, (c) magnetic 

field parallel to substrate. 
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