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Abstract: ZnO nanorods were grown on different substrates (quartz glass, Si and ITO glass) by the wet chemical bath 

deposition (CBD) method at a relatively low temperature of 95℃. X-ray diffraction (XRD) and scanning electron mi-

croscope (SEM) results illustrate that the ZnO nanorod arrays with hexagonal wurtzite structure are grown densely and 

vertically on all the substrates, whereas the average diameter and length are found to be closely related to the sub-

strates nature. High intensity near-band edge ultraviolet (UV) emission peak are observed in room temperature photo-

luminescence (PL) spectra for the ZnO nanorod arrays on all substrates, yet the usually observed defect related deep 

level emissions are nearly undetectable regardless of crystalline or amorphous, indicating high optical quality ZnO 

nanorod arrays can be achieved via this low temperature easy process chemical approach. Moreover, the small shift in 

the UV emission among different substrates is interpreted in terms of compress stress, which is further demonstrated 

by the Raman spectra measurement results. 
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The interest in ZnO structures has increased drastically 
in recent years because of their potential applications in 
nanoelectronic devices such as field-effect transistors[1], 
single-electron transistors[2], photodiodes[3], and chemical 
sensors[4]. Some novel and fascinating ZnO nanostructures 
have been reported, such as nanowires, nanorods and 
nanotubes, core-shell hybrid particles[5], hollow spheres[6], 
and dandelions[7]. Among these 1D nanomaterials, ZnO is 
a wide band gap semiconductor and one of the most versa-
tile materials. On account of its various remarkable prop-
erties, such as a wide band gap (3.37eV), a large exciton 
binding energy (60meV), excellent chemical and thermal 
stability, transparency, biocompatibility, and wide electri-
cal conductivity range, ZnO nanomaterials are of global 
interest currently and has a variety of applications in an 
emerging area of nanotechnology[8]. ZnO is probably the 
richest family of nanostructures among all materials, 
which exhibit the most splendid and abundant configura-
tions of nanostructures that one material can form. An 
up-to-date comprehensive review on ZnO nanomaterial 
platform for nanotechnology can be found in Ref [9]. For 

the technological applications of ZnO nanorods, rational 
synthesis and fundamental understanding about their 
properties are essential. Up to now, numerous experimen-
tal attempts have been reported to fabricate ZnO nanoscale 
materials, such as molecular beam epitaxy (MBE)[10], 
pulsed laser deposition (PLD)[11], sputtering[12], electro-
chemical deposition[13], vapor phase transport (VPT)[14], 
chemical vapor deposition (CVD)[15], thermal evapora-
tion[16]. Compared with the methods mentioned above, the 
wet chemical bath deposition (CBD) method as a high 
performance growth technique for ZnO nanorods/ 
nanowires has recently received increasing attraction due 
to its obvious advantages of low-cost, low temperature 
operation and environmental friendliness. The effects of 
growth parameters such as precursor concentration, 
growth temperature and growth time have been 
investigated extensively and well established[17]. A key 
issue in this field is the choice of substrate, therefore, an 
understanding of the effects of substrate on the structure 
and optical properties of ZnO nanorods will benefit the 
realization of nano-ZnO based applications by this high 
performance growth technique.  
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formance growth technique.  
In this paper, the wet CBD method was employed to 

fabricate ZnO nanorods with special attention paid to the 
effects of the substrates on the structure, morphology and 
optical properties of as-grown ZnO nanorods. It should be 
noted that only strong near-band edge UV emission peak 
were observed in room temperature PL spectra for the 
ZnO nanorod arrays on all substrates regardless of crystal-
line or amorphous, yet the usually observed defect related 
deep level emissions were nearly undetectable, indicating 
high optical quality ZnO nanorod arrays could be achieved 
via this low temperature easy process chemical approach. 
The high optical quality ZnO nanorod arrays presented 
here is very prospective for its applications in optoelec-
tronic nanodevices, such as UV lasers, light- emitting di-
odes, and vertical field effect transistor arrays. 

1  Experimental 

CBD technique has been proved to be a good approach 
for synthesis of ZnO nanorods with the use of ZnO seeds 
in the form of thin films or nanoparticles[18]. Here, quartz, 
single crystal Si (111) and ITO glass were chosen as sub-
strates for ZnO nanorod arrays grown using a CBD tech-
nique. To investigate the effect of substrate on the proper-
ties of ZnO nanorods, a series of experiments were per-
formed for different substrates under the constant growth 
parameters. The substrates were cleaned in the ultrasonic 
bath with methylbenzene, acetone, ethanol and deionized 
water, respectively to remove adsorbed dust and surface 
contamination. Then, the Si substrate was etched by 2% 
HF solution to get rid of the residual oxide layer. In order 
to fabricate vertically aligned nanorods, a 30nm thick seed 
layer was fabricated on the substrates by radio-frequency 
(RF) magnetron sputtering. 50mL aqueous solutions 
composed of 0.02mol/L zinc acetate (Zn(CH3COO)2•2H2O, 
98%) and hexamethylenetetramine (HMT) (C6H12N4, 99%) 
were used as precursor source for the growth of ZnO 
nanorods. The molar ratio of Zn(CH3COO)2•2H2O and 
HMT was kept to be 1: 1. The solution was then trans-
ferred into a sealed glass bottle in which the substrates 
were suspended vertically. The sealed bottle was subse-

quently put into an oven kept at 95℃ for 5h. All the 

growth parameters (precursor concentration, growth tem-
perature and time) have been optimized for obtaining a 
high aspect ratio and well-defined hexagonal prism shape 
of the ZnO nanorods. At the end of the growth, the sub-
strates were taken out of the solution and rinsed several 
times with deionized water, and blew dried with high pu-
rity N2 gas at room temperature. A detailed chemistry 
process by CBD technique can be found elsewhere[19]. 

The crystal structure and morphology of the as-grown 

ZnO nanorods were investigated by X-ray diffraction 
(XRD) on Bruker Axs D8, scanning electron microscope 
(SEM) on HITACHI S-4800. To investigate the optical 
properties, PL measurements were performed at room 
temperature using a He-Cd laser with an excitation wave-
length of 325 nm. Raman spectra measurements were car-
ried out on Raman spectrometer (Renishaw Invia, UK) 
equipped with inverse microscope (ZEISS Axiovert 25). 

2  Results and discussion 

2.1  Chemical process of CBD technique for 
the growth of ZnO nanorods 

The chemical process involved in the growth of ZnO 
nanorods can be described as follows: 
Zn(CH3COO)2•2H2O provides Zn2+ ions required for 
building up ZnO nanorods, water molecules in the solution 

provide O2 ions. Even though the exact function of HMT 

during the growth is still unclear, it is believed to act as a 
weak base, which would slowly hydrolyze in the water 
solution and gradually produce OH-[20]. The detailed 
chemical reactions were: 

6 12 4 2 3C H N 6H O 4NH 6HCHO         
(1) 

4

- +
2 3   H O NH OH NH             (2) 

Zn2++4NH3Zn(NH3)4
2+            (3) 

2 -
2Zn 2OH Zn(OH)  or    

2 -
3 4 2 3 4 Zn(NH ) 2OH Zn(OH) (NH )    

  (4) 

Zn(OH)2/ Zn(OH)2(NH3)4ZnO+H2O    (5) 

The growth process of CBD can be controlled through 
the five chemical reactions listed above. All of the five 
reactions can be controlled by adjusting the reaction pa-
rameters, such as precursor concentration, growth tem-
perature and growth time. With the movement of the reac-
tion equilibrium to the right side, ZnO will form through 
dehydration of Zn(OH)2 and precipitate onto the sub-
strates.  

2.2  Effects of substrate on structure 
characters and morphology of ZnO nanorods  

Figure 1 shows the XRD patterns of ZnO nanorods 
grown on three kinds of substrates, (a) quartz glass sub-
strate, (b) Si substrate and (c) ITO glass substrate. All dif-
fraction peaks are consistent with the wurtzite structure, 
which can be indexed to a standard spectrum of JCPDS 
(No, 36-1451). For all the samples, the (002) diffraction 
peak in XRD patterns is dominant, yet other peaks are 
nearly invisible, which reveals the preferentially oriented 
growth in the c-axis direction. In addition, it can be found 
that the (002) peak intensity for the samples deposited on 
quartz glass and Si substrates are much higher than that of  
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Fig. 1  XRD patterns of ZnO nanorods grown on different kinds 
of substrates 
(a) Quartz glass; (b) Si; (c) ITO glass 

 

samples deposited on ITO glass substrate, which was sug-
gested to be caused by the less amount of ZnO nanorods 
grown on the ITO glass than that on the quartz and Si sub-
strates. 

Figure 2 shows the SEM images of as-grown samples 
grown on three kinds of substrates. It can be clearly ob-
served from the figures that the ZnO well-defined nanorod 
arrays were successfully grown densely and vertically on 
all the substrates. However, the average diameter and 
length of the ZnO nanorods array were closely related to 
the substrate nature. The length and average diameter of 
the ZnO nanorods on the quartz glass, Si and ITO glass 
were 3.3um (120nm in average diameter), 2.5um (105nm 
in average diameter), and 2.3um (60nm in average diame- 

 

Fig. 2  SEM images of as-grown samples grown on three kinds 
of substrates 
(a) (b) Quartz glass; (c) (d) Si; (e) (f) ITO glass 

ter), respectively. Thus, the aspect ratios on the quartz 
glass, Si and ITO glass were calculated to be 27.5, 23.5, 
and 38.3, respectively. It has been well established that the 
higher average density and length of the nanorods will 
lead to higher intensity of the (002) diffraction peak[21]. 
Therefore, the SEM results were in well agreement with 
the results of XRD characterization. The effects of sub-
strate on the structure and morphology of ZnO nanorods 
may be understood from the nucleation and growth proc-
ess[22]. The structure and morphology of ZnO nanorods 
was to a large extent decided by the number of nuclei 
formed at the very beginning of the growth, which con-
tinued to grow and form nanorods. The main differences 
of substrates lie in the lattice structure, defects and surface 
chemistries on the substrate surface, which were consid-
ered to be important factors in the nucleation and 
growth[23]. Among the three substrates, ITO glass presents 
the largest crystal lattice mismatch with ZnO compared 
with the single crystal of Si and quartz, as a result, ZnO 
nanorod arrays with less uniformity and poor preferred 
orientation were obtained for the samples grown on ITO 
glass. 

2.3  Effect of substrates on optical properties 
of ZnO nanorods 

Optical properties of nanorods are important for many 
of their technological applications. Figure 3 shows the 
room temperature PL spectra of ZnO nanorods grown on 
different substrates with the same condition. The UV 
emission in ZnO PL spectra is well accepted as the near 
band edge emission which has an exciton nature[24-26]. 
Meanwhike, the visible emission band in ZnO PL spectra 
is usually observed for most ZnO nanorods reported in 
literature, which is believed to be closely related to the 
defect level induced by the defects of O vacancies, Zn 
interstitials or their complexes[27-28]. In our case, however, 
it should be noted that only strong near-band edge UV 
emission peak at about 380nm were observed for the ZnO 
nanorod arrays on all substrates regardless of crystalline or 
amorphous, yet the usually observed defect related deep 
level emissions were nearly undetectable, indicating high 
optical quality ZnO nanorod arrays were successfully 
achieved via this low temperature easy process chemical 
approach. It is also shown from Fig.3 that the UV peak 
intensity of sample (c) is remarkably lower than sample (a) 
and (b), indicating relatively poor optical quality for the 
ZnO nanorods grown on ITO glass substrate. Compared 
with the samples on ITO substrates, a slight red shift in 
UV emission is observed for ZnO nanorods grown on 
quartz and Si substrates, which is assumed to be associ-
ated with the different compress stress in the ZnO nano-
rods. That is, a big compress stress will result in the nar-
rowing of the band gap and further lead to the red shift of  
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Fig. 3  PL spectra of ZnO nanorods grown on different sub-
strates with the same condition 
(a) Quartz glass; (b) Si; (c) ITO glass  

 
near band edge emission[29].This assumption will be dem-
onstrated by Raman spectra measurements. 

Raman scattering spectrum is very useful and sensitive 
for determining crystal perfection and structural defects. 
Wurtzite ZnO crystal has two formula units in the primi-
tive cell and belongs to C6

4 space group[30]. According to 
the group theory, single-crystalline ZnO has eight sets of 

optical phonon modes at  point of the Brillouin zone. 
Based on the group analysis, A1+E1+2E2 are Raman active. 
Both A1 and E1 modes are polar and splited into transverse 
optical (TO) and longitudinal optical (LO) phonons. Ac-
cording to the selection rule, E2 and LO are Raman active, 
while the E1 and TO are forbidden. Figure 4 shows the 

Raman spectra at the range of 100900cm1 for ZnO 
nanorods grown on different substrates. The peak located 

at 303.5cm1 and 520.5cm1 are Si vibration modes. And 
the peaks for three kinds of samples are located at 441cm-1 
(grown on quartz substrate), 440.6cm-1 (grown on Si sub-

strate), and 437.8cm1 (grown on ITO glass substrate), 
respectively. These peaks in Raman spectra are E2 (high) 
mode, which are the intrinsic characteristic of the Raman 
active mode of wurtzite hexagonal ZnO[31]. Therefore, the 
results from Raman spectrum measurements are in good 
agreement with the XRD and SEM analysis. In addition, 
the peaks of E1(LO) are not detected for all the samples, 
which have been regarded to be associated with the de-
fects of O vacancies, Zn interstitials or their complexes 

(580 cm1)[32]. This should be the reason why the defect 
level induced visible emission band were absent in our 
ZnO nanorods PL spectra. Moreover, a Raman upshift of 

0.8-4.0 cm1 can be observed compared with the fre-
quency of the E2(high) mode in ZnO standard sample 

(437.0cm1), indicating a compressive stress exist in our 
ZnO nanorods samples[33]. The maximum and minimum 
compress stress are found for samples grown on the quartz 
substrate and on the ITO glass substrate, respectively, such  

 

Fig. 4  Raman spectra of ZnO nanorods grown on different 
substrates 
(a) Quartz glass substrate; (b) Si substrate; (c) ITO glass  
 

behaviors are in accord with the above mentioned slight 
shifts in UV emission of PL spectra. The compress stress 
should be associated with the lattice mismatch between 
the substrate and ZnO nanorods, as well as the nature of 
the substrate. 

3  Conclusions 

ZnO nanorod arrays were successfully synthesized on 
different substrates by the wet chemical bath deposition 
(CBD) method. Effects of the substrate on the structure, 
morphology and optical properties of ZnO nanorods were 
studied. XRD and SEM results demonstrate that the ZnO 
nanorod arrays with a hexagonal wurtzite structure were 
grown densely and vertically on all the substrates, whereas 
the average diameter and length were found to be closely 
related to the substrates nature. It should be noted that 
only strong near-band edge UV emission peaks were ob-
served in room temperature PL spectra for the ZnO nano-
rod arrays on all substrates, yet the usually observed de-
fects related deep level emissions were nearly undetect-
able regardless crystalline or amorphous, indicating high 
optical quality ZnO nanorod arrays could be achieved via 
this low temperature easy process chemical approach. The 
high optical quality ZnO nanorod arrays presented here 
was very prospective for its applications in optoelectronic 
nanodevices, such as UV lasers, light-emitting diodes, and 
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vertical field effect transistor arrays. 

References:  

[1] Agrawal M, Pich A, Zafeiropoulos N E, et al. Polystyrene-ZnO 

composite particles with controlled morphology. Chem. Mater., 

2007, 19(7): 18451852. 

[2] Deng Z W, Chen M, Gu G G, et al. A facile method to fabricate 

ZnO hollow spheres and their photocatalytic property. J. Phys. 

Chem. B, 2008, 112(1): 1622. 

[3] Liu B, Zeng H C. Fabrication of ZnO “Dandelions” via a modified 

kirkendall process. J. Am. Chem. Soc., 2004, 126(51): 

1674416746. 

[4] Marte R, Schmidt T, Shea H R, et al. Single- and multi-wall carbon 

nanotube field-effect transistors. Appl. Phys. Lett., 1998, 73(17): 

24472449. 

[5] Notargiacomo A, Di Gaspare L, Scappucci G, et al. A single elec-

tron transistor based on Si/SiGe wires. Mater. Sci. Eng. C, 2003, 

23(6/7/8): 671673. 

[6] Shi J W, Wu Y S, Wu C Y, et al. High-speed, high-responsivity, and 

high-power performance of near-ballistic uni-traveling-carrier 

photodiode at 1.55-μm wavelength. IEEE. Photon. Technol. Lett., 

2005, 17(9): 19291931. 

[7] Zhang W, Ganesh N, Mathias P C, et al. Enhanced fluorescence on 

a photonic crystal surface incorporating nanorod structures. Small, 

2008, 4(12): 21992203. 

[8] Schmidt-Mende L, MacManus-Driscoll J L. ZnO-nanostructures, 

defects, and devices. Mater. Today, 2007, 10(5): 4048. 

[9] Wang Z L. ZnO nanowire and nanobelt platform for nanotechnol-

ogy. Mater. Sci. Eng. R, 2009, 64(3/4): 3371. 

[10] Robin I C, Marotel P, EI-Shaer A H, et al. Compared optical prop-

erties of ZnO heteroepitaxial, homoepitaxial 2D layers and 

nanowires. J. Cryst. Growth, 2009, 311(7): 21722175. 

[11] Yu D Q, Hu L Z, Li J, et al. Catalyst-free synthesis of ZnO nanorod 

arrays on InP (001) substrate by pulsed laser deposition. Mater. 

Lett., 2008, 62(25): 40634065. 

[12] Guo Z, Zhao D X, Liu Y C, et al. Visible and ultraviolet light al-

ternative photodetector based on ZnO nanowire/n-Si heterojunc-

tion. Appl. Phys. Lett., 2008, 93(16): 16350113. 

[13] Guo H H, Zhou J Z, Lin Z H. ZnO nanorod light-emitting diodes 

fabricated by electrochemical approaches. Electrochem. Commun., 

2008, 10(1): 146150. 

[14] Li Y J, You L P, Duan R, et al. Oxidation of a ZnS nanobelt into a 

ZnO nanotwin belt or double single-crystalline ZnO nanobelts. 

Solid State Commun., 2004, 129(4): 233238. 

[15] Wu C L, Li C, Chen H G, et al. Growth and characterization of 

chemical-vapor-deposited zinc oxide nanorods. Thin Solid Films, 

2006, 498(1/2): 137141. 

[16] Ahn C H, Han W S, Kong B H, et al. Ga-doped ZnO nanorod ar-

rays grown by thermal evaporation and their electrical behavior. 

Nanotechnology, 2009, 20(1): 01560117. 

[17] Yu K, Jin Z G, Liu X X, et al. Synthesis of size-tunable ZnO nano-

rod arrays from NH3·H2O/ZnNO3 solutions. Mater. Lett., 2007, 

61(13): 27752778.  

[18] Yang J H, Lang J H, Li C S, et al. Effects of substrate on mor-

phologies and photoluminescence properties of ZnO nanorods. 

Appl. Surf. Sci., 2008, 255(5): 25002503. 

[19] Vayssieres L. Growth of arrayed nanorods and nanowires of ZnO 

from aqueous solusion. Adv. Mater., 2003, 15(5): 464466. 

[20] Zhao D G, Xu S J, Xie M H, et al. Stress and its effect on optical 

properties of GaN epilayers grown on Si(111), 6H-SiC(0001), and 

c-plane sapphire. Appl. Phys. Lett., 2003, 83(4): 677669. 

[21] Yan X D, Li Z W, Chen R Q, et al. Template growth of ZnO nano-

rods and microrods with controllable densities. Cryst. Growth Des., 

2008, 8(7): 24062410. 

[22] Sun Y, Fox N A, Riley D J, et al. Hydrothermal growth of ZnO 

nanorods aligned parallel to the substrate surface. J. Phys. Chem. C, 

2008, 112(25): 92349239. 

[23] Xu S, Lao C S, Weintraub B, et al. Density-controlled growth of 

aligned ZnO nanowire arrays by seedless chemical approach on 

smooth surfaces.J. Mater. Res., 2008, .23(8): 20722077. 

[24] Bagnall D M, Chen Y F, Zhu Z, et al. Optically pumped lasing of 

ZnO at room temperature. Appl. Phys. Lett., 1997, 70(17): 

22302232. 

[25] Kong Y C, Yu D P, Zhang B, et al. Ultraviolet-emitting ZnO 

nanowires synthesized by a physical vapor deposition approach. 

Appl. Phys. Lett., 2001, 78(4): 407409. 

[26] Park W I, Jun Y H, Jung S W, et al. Excitonic emissions observed 

in ZnO single crystal nanorods. Appl. Phys. Lett., 2003, 82(6): 

964966. 

[27] Vanheusden K, Seager C H, Warren W L, et al. Correlation be-

tween photoluminescence and oxygen vacancies in ZnO phosphors. 

Appl. Phys. Lett., 1996, 68(3): 403405. 

[28] Fan X M, Lian J S, Guo Z X, et al. Microstructure and photolumi-

nescence properties of ZnO thin films grown by PLD on Si(111) 

substrates. Appl. Surf. Sci., 2005, 239(2): 176181. 

[29] Ghosh R, Basak D, Fujihara S. Effect of substrate-induced strain 

on the structural, electrical, and optical properties of polycrystal-

line ZnO thin films. J. Appl. Phys., 2004, 96(5): 26892692. 

[30] Zhang X H, Xie S Y, Jiang Z Y, et al. Rational design and fabrica-

tion of ZnO nanotubes from nanowire templates in a microwave 

plasma system. J. Phys. Chem. B, 2003, 107(37): 1011410118. 

[31] Zuo Y L, Ge S H, Chen Z Q, et al. Morphology, optical and mag-

netic properties of Zn1−xNixO nanorod arrays fabricated by hydro-

thermal method. J. Alloys Compd., 2009, 470(1/2): 4750. 

[32] Umar A, Karunagaran B, Suh E K, et al. Structural and optical 

properties of single-crystalline ZnO nanorods grown on silicon by 

thermal evaporation. Nanotechnology, 2006, 17(16): 40724077. 

[33] Exarhos G J, Sharma S K. Influence of processing variables on the 

structure and properties of ZnO films. Thin Solid Films, 1995, 

270(1/2): 2732. 



1120 无 机 材 料 学 报 第 25 卷 
 

 
 

 

衬底对低温化学池沉积法生长的垂直 ZnO 纳米棒阵列的结

构、形态和光学性能的影响 

孙英岚 1, 边继明 1,2,3, 李庆伟 1, 骆英民 1 
(1. 大连理工大学 物理与光电工程学院 大连 116024; 2. 中国科学院 上海硅酸盐研究所, 高性能陶瓷和超微结构国

家重点实验室, 上海 200050; 3. 中国科学院 国际材料物理中心, 沈阳 110016) 

摘 要: 衬底的选择是得到高质量 ZnO 纳米棒的一个重要因素. 在 95℃的较低温度下用 CBD 方法在不同衬底(石英玻

璃, 硅和 ITO 玻璃)上生长 ZnO 纳米棒阵列. X 射线衍射(XRD)和扫描电镜 (SEM)结果显示六角形的 ZnO 纳米棒致密

垂直地生长在衬底上, 而纳米棒的平均直径和长度则与衬底的性质密切相关. 各种衬底的 ZnO 纳米棒阵列的室温光

致发光(PL)光谱都可以观测到强烈的近带边紫外发射峰, 而无论是晶体还是非晶体, 经常可以观察到的与缺陷相关的

深能级发射都几乎观察不到. 这意味着通过这种简便的低温化学方法可以获得高光学性能的 ZnO 纳米棒阵列. 此外, 

不同衬底间 UV 发射的小幅度迁移可以用压应力来解释, 并用拉曼光谱进行了进一步的证明.  

关  键  词: ZnO; 纳米棒阵列; 化学池沉积法; 光致发光 
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