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Abstract: In this study, ZnO nanorods with a porous structure were successfully prepared using
the chemical bath deposition (CBD) method. According to the surface and cross-sectional images
photographed by scanning electron microscopy, we found that the diameters of samples with concen-
trations of 10, 30, 50, and 70 mM were 90, 141, 214, and 259 nm, respectively, with 6 h of deposition.
The height of the nanorods was maintained at approximately 1.3 pm. The EDS material analysis
showed that the ratio of zinc atoms and oxygen atoms in samples with different concentrations
changed with the concentration of the growth solution. The column diameter of the zinc oxide
nanorods prepared by the chemical bath deposition method was closely related to the concentra-
tion of the growth solution. The higher the concentration, the larger the column diameter. The
height of the nanorods was directly proportional to the deposition time and was not influenced by
solution concentration.
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1. Introduction

With the development of technology and the evolution of the semiconductor industry,
the requirements for the integration of integrated circuits are higher, and the evolution of
materials has moved from the micron level to the nanometer level. However, zinc oxide
(Zn0O) has attracted much attention and is one of the most widely used metal materials.
Zinc oxide has three types of crystallite structures, rock salt structure, sphalerite, and
hexagonal wurtzite [1]. The most stable structure of zinc oxide is the hexagonal wurtzite
structure; this has a forbidden band width of 3.37 eV, and a large exciton binding energy
of 60 MeV [2,3]. In the semiconductor industry, due to its high oxidizing power, stability,
and low toxicity, zinc oxide is widely used. At present, the common preparation methods
of zinc oxide include metal-organic chemical vapor deposition (MOCVD) [4], molecular
beam epitaxy (MBE) [5], pulsed excimer vapor deposition (PVD) [6], vapor-phase epitaxy
(VPE) [7], the physical vapor transport method (VPT) [8], and the gas-liquid—solid-phase
method (VLS) [9].

Zinc oxide is a material that has been widely used to make inexpensive, non-toxic,
and high-performance photocatalysts, to degrade a wide variety of organic chemicals and
organic dyes [10]. It can be used in ceramics, gas sensing, light sensing, photocatalyst, and
other applications. Nanorods (NRs) are one-dimensional structures of nanomaterials, and
zinc oxide nanorods are more outstanding in the above-mentioned aspects.

The seed layers of zinc oxide were successfully prepared using the sol-gel method,
and the ZnO nanorods were built by the non-vacuum chemical bath deposition method
to prepare uniformly distributed and porous ZnO nanorods. These pores can expand
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the specific surface area, being very useful for photocatalytic reactions and gas-sensing
detection [11].

2. Experimental Section

P-5i(100) was chosen as the substrate in this study. First, the silicon substrate was
cleaned with DI water, acetone, and ethanol by ultrasonic shock for 10 min in sequence,
and then shock-washed with DI water again to remove the surface of the substrate residual
ethanol. Finally, blow drying with nitrogen was performed to remove moisture. The
experiment consisted of two parts: (a) the seed layer of zinc oxide was prepared on a silicon
substrate by the sol-gel method and spin coater to form a seed layer; (b) ZnO NRs were
deposited on the seed layer by non-vacuum chemical bath deposition.

Subsequently, 0.01 mol of Zn(CH3COO),;-2H,O and appropriate amounts of
CH3;OCH,;CH,0H were fully stirred at 60 °C for 20 min; then, NH,CH,CH,OH was
slowly added as a stabilizer for the reaction, and after stirring at the same temperature for
2 h, the solution was aged at 25 °C for 24 h. The preparation steps of the seed layer growth
solution are shown in Figure 1. A seed layer was prepared using a spin coater; spin-coating
was performed at 3000 rpm for 30 s; and then soft-baking was performed. The process
was repeated 3 times to ensure that the seed layer was successfully attached to the silicon
substrate, and finally placed in a high-temperature quartz furnace tube for annealing at
500 °C for 2 h.

0.01 mol Zn(CH,COO), - 2H,0

_ Dissolved by
h CH,0CH,CH,0H

\ 4

Stirred for 20 mins at 60 °C

< Added NH,CH,CH,0H

\ 4

Stirred for 120 mins 60 °C

\ 4

ZnO seed layer growth solution

Figure 1. Seed layer growth solution preparation.

The zinc oxide nanorod growth solution used in the liquid deposition method was
prepared by mixing Zn(NO3), - 6H,O and C¢HyoNy (HMT). First, an appropriate amount
of Zn(NO3), - 6H,O was stirred with deionized water for 20 min. HMT was stirred
with deionized water at the same time. Then, the mixed growth solution was placed
in a constant-temperature water bath for 20 min at 90 °C to preheat; then, the silicon
substrate with the seed layer was completely deposited in the growth solution for 6 h. After
deposition, the samples were taken out and cleaned with deionized water, and the chemical
reaction was terminated. After drying with Ny, the deposited zinc oxide nanorods were
annealed at 500 °C for 2 h in a high-temperature quartz furnace tube with air. Finally, the
annealed samples were subjected to surface analysis and material composition detection.
The preparation steps of the NR layer growth solution are shown in Figure 2.
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Zn(NO;), - 6H,0 + H,0
(0.01 M, 0.03 M, 0.05 M, 0.07 M)

l-— CHp,N, + H,0
(0.01 M, 0.03 M, 0.05 M, 0.07 M)

Stirred for 40 mins at room
temperature

v
Preheat at 90 °C for 15 mins

\ 4

Deposited at 90 °C for 6 hours

y

Annealed at 500 °C for 2 hours

Figure 2. Nanorod growth solution preparation.

When the nanorods were initially deposited, HMT began to decompose into ammonia
and produced hydroxide ions or OH™; the detailed reaction is shown in Formula (1) and
@) [12]:

(CH)¢Ny4 + 6H,O — 6HCHO + NHj3 1)

H,O0 + NH; [©lOH™ + NH** (2)

The reactive formation of the ZnO core is due to the reaction of Zn?* cations with NH;
and OH™ anions; the detailed reaction is depicted in Formula (3) [13]:

Zn** + 20H~ — Zn(OH), or Zn(NH3),*" + 20H~ —Zn(OH),(NH3), 3)

Under the influence of specific temperatures and OH ions, the crystal core degrades
into ZnO core nanorods. Over time, the ZnO core grows and finally forms nanorods, as
detailed by the reaction in Formula (4) [13]:

Zn(OH), — ZnO + H,O or Zn(OH),(NH3); — ZnO + H,O + 4NHj3 (4)

3. Results and Discussion

In this study, the porous nanorods of zinc oxide were successfully deposited on the
silicon substrate using the chemical bath deposition method. The material composition was
confirmed by EDS. Whether the concentration of the growth solution was related to the
change in the surface appearance of the NRs was confirmed by cross-sectional SEM images.

According to the EDS composition analysis results, it can be determined that the
nanorods in those samples were composed of Zn atoms and O atoms. The proportion
of O atoms in the ZnO nanorod sample accounted for 44.77%, and the proportion of Zn
atoms accounted for 55.23%, as shown in Figure 3a. The proportion of O atoms in the
ZnO nanorod sample accounted for 47.15%, and the proportion of Zn atoms accounted for
52.85%, as shown in Figure 3b. According to the above results, the ratio of oxygen atoms to
zinc atoms changed with the concentration of the growth solution.

Figure 4a—h show the SEM images of ZnO NRs under different concentrations of
growth solution. The reason why the liquid-phase deposition method can grow ZnO
nanorods is due to the higher surface energy of zinc oxide along the [0001] direction, which
will have a higher growth rate. Figure 4a—d show high-magnification images (magnification
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20 K) of samples with concentrations of 10, 30, 50, and 70 mM, respectively; Figure 4e-h
are the top views of samples with corresponding concentrations. The image in Figure 4
shows that all grown ZnO nanorods were also in the shape of hexagonal columns, and
most of the ZnO nanorods grew vertically upward. The column diameters of the nanorods
of zinc oxide were 90, 141, 214, and 259 nm, respectively. This shows that the column
diameter of the grown nanorods of zinc oxide increased when the concentration of the
growth solution increased. The higher the concentration of the growth solution, the faster
the growth rate in the [0001] direction. Many small pores can be observed from the surface
of the sample, which is likely to be caused by the high-temperature gasification of acetate
ions and intermediate reactants in the sample during the annealing process. The specific
surface area of the meter column is beneficial for photocatalysis.

Spectrum 1 M Spectrum 1

Element Wit%  Atomic% zn NS
o 1655 4477 © M
Weight % 90
Zn 8345 5523

100 100  PoweredbyTu-qe

Spectrum 2 M spectrum 2
Element Wt% Atomic% zn [N
0 1792 4715 © W
Weight % 90
8208 5285
100 100 Powered by Tu-qe

Figure 3. EDAX spectrum of ZnO NRs: (a) 10 mM and (b) 50 mM.
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(a) 10mM sample ZnO NRs SEM Cross-section

Figure 4. Cont.
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EHT = 3.00 kv Signal A = SE2 I Probe= 50 pA 532 Secs
WD = 7.8mm Mag= 2000KX  ScanSpeed=86

(b) 30mM sample ZnO NRs SEM Cross-section

EHT = 3.00 kv Signal A = SE2 | Probe = 100 pA 53.2 Secs
WD = 8.7 mm Mag= 2000KX ScanSpeed=8

(c) 50mM sample ZnO NRs SEM Cross-section

Figure 4. Cont.
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Figure 4. Cont.
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(e) 10mM sample ZnO NRs SEM Top View
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(g) 50mM sample ZnO NRs SEM Top View

Figure 4. Cont.
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(h) 70mM sample ZnO NRs SEM Top View

Figure 4. FE-SEM images of ZnO NRs with different concentrations of growth solution: (a,e) 10 mM;
(b) and (f) 30 mM; (c) and (g) 50 mM; (d) and (h) 70 mM.

4. Conclusions

In this study, the chemical bath method and subsequent annealing process were
used to successfully prepare porous zinc oxide nanorod arrays on the P-5i(100) substrate.
According to the SEM images, it was found that the samples of 10 mM, 30 mM, 50 mM,
and 70 mM were deposited over 6 hours; the column diameters were 90 nm, 141 nm,
214 nm, and 259 nm, respectively. The height of the nanorods was maintained at about
1.3 pum. This indicates that the growth solution of zinc oxide nanorods prepared by the
chemical bath deposition method will affect the diameter of ZnO NRs, and the height of
ZnO NRs is related to the deposition time rather than the concentration of the growth
solution. Additionally, according to the EDS material analysis, it was found that nanorods
grown from growth solutions with different concentrations were composed of different
ratios of zinc atoms and oxygen atoms. The pores created by annealing greatly increased
the specific surface area of the nanorods, making them advantageous for future applications
in photocatalysis.
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