
Effects of Li and Cu dopants on structural properties of  

zinc oxide nanorods 

 

Kyung Ho Kim*, Zhuguang Jin, Yoshio Abe, Midori Kawamura 

 

Department of Materials Science and Engineering, Kitami Institute of Technology, 165 

Koen-cho, Kitami, Hokkaido 090-8507, Japan 

 

Abstract 

We fabricated undoped zinc oxide (ZnO), Li-doped zinc oxide (LZO), and Cu-doped 

zinc oxide (CZO) nanorods (NRs) on fluorine-doped tin oxide (FTO)-coated glass 

substrates using chemical solution deposition and investigated their structural properties. 

With the incorporation of the Li dopant, the length and crystallinity of LZO NRs 

increased and improved, respectively, compared to that of the ZnO NRs. The average 

optical transmittance of LZO NRs was slightly lower than that of the ZnO NRs, but 

otherwise very similar over the visible wavelength region. With the incorporation of the 

Cu dopant, however, the morphology of the CZO sample was remarkably different from 

that of the pure ZnO NRs. Rods with a length of ~12 m and a diameter of 0.5-1.2 m 



were randomly oriented on the substrate, and copper oxide (CuO) nanocrystals were 

uniformly grown on the surface of substrate. This paper presents a simple way to tune 

the growth behaviors of the ZnO NRs by adding dopants.  
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1. Introduction 

The wide-bandgap semiconductor zinc oxide (ZnO) has a large exciton binding 

energy (60 meV) at room temperature, nontoxicity, chemical and photochemical 

stability, and raw materials abundance [1-3]. Because of these properties, ZnO has 

attracted considerable attention in a wide range of applications such as polariton lasers, 

light-emitting diodes (LEDs), photovoltaic (PV) cells, thin film transistors (TFTs), 

piezoelectrics, and chemical sensors [1-6]. In particular, one-dimensional (1D) ZnO 

nanostructures are among the most important materials for applications in nanoscale 

electronic and optoelectronic devices [4-10].  

The methods used for fabricating ZnO NRs include solution methods, thermal 

evaporation, sputtering, molecular beam epitaxy (MBE), metal-organic chemical vapor 

deposition (MOCVD), and pulsed laser deposition (PLD). Solution methods have many 

advantages, including low-cost manufacturing, simplicity, easy control of compositions, 

and great potential for scale-up [11-15]. 

In our previous study, we reported the structural properties of ZnO NRs grown on a 

ZnO seed layer using solution methods with various seed annealing temperatures [16]. 

Long and well-aligned ZnO NRs were obtained at seed annealing temperature of 350 ºC 

because the seed layer has a larger particle size and high crystallinity at this 



temperature. 

On the other hand, a widely used strategy for tuning the physical properties of ZnO 

is to use metallic dopants (Cu, Ni, Ag, Al, etc.) [17-19]. In this study, we grew Li-doped 

ZnO (LZO) and Cu-doped ZnO (CZO) NRs on ZnO seed layers that were prepared on 

fluorine-doped tin oxide (FTO)-coated glass substrates. The structural and optical 

properties of Li- and Cu-doped ZnO NRs and undoped ZnO NRs were characterized by 

X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), and 

ultraviolet-visible (UV-Vis) spectroscopy. 

 

2. Experimental 

2.1 Preparation of ZnO seed layers 

ZnO seed layers were prepared by sol-gel spin-coating. A zinc acetate dihydrate 

(Zn(CH3COO)2·2H2O, 0.25 M, Wako) precursor was dissolved in ethanol (C2H6O, 

Wako), 2-methoxyethanol (ME) (C3H8O2, Wako), and Milli-Q. After being stirred for 1 

h at 60 ºC, the sol was aged at room temperature for 24 h. The FTO-coated glass 

substrates were prepared by cleaning in an ultrasonic bath with acetone and isopropyl 

alcohol for 10 min each, followed by exposure to UV-ozone (Filgen, UV 253FS) for 45 

min. The sol was spin-coated onto the prepared substrates at 2000 rpm for 30 s and 



dried at 250 ºC for 5 min. Subsequently, it was annealed at 350 ºC for 30 min in a 

furnace at heating rate of 10 ºC/min. The thickness of the seed layer, measured by 

variable-angle ellipsometry (MIZOJIRI, DVA-FL), was ~35 nm.  

 

2.2 Preparation of ZnO, LZO, and CZO NRs 

ZnO, Li-doped ZnO (LZO), and Cu-doped ZnO (CZO) NRs were grown by 

chemical solution deposition on the ZnO seed layers. An aqueous solution of zinc 

nitrate hexahydrate (Zn(NO3)2·6H2O, 0.01 M, Sigma-Aldrich) and 

hexamethylenetetramine (HMT) (C6H12N4, 0.01 M, Sigma-Aldrich) was prepared. 

Lithium chloride hydrate (LiCl·xH2O, 5 mM, Sigma-Aldirch) and copper acetate 

monohydrate (Cu(CO2CH3)2·H2O, 5 mM, Wako), which provide the Li and Cu dopants, 

respectively, were added to the solution. The solution was stirred for 1 h at room 

temperature. The ZnO seed layers were then vertically dipped and held there at 90 ºC 

for 6 h. Next, the samples were rinsed in deionized water several times and finally dried 

at 120 ºC for 10 min in air. 

 

2.3 Characterization methods 

The surface morphology of the seed layer was examined by atomic force 



microscopy (AFM) (SHIMADZU, SPM-9500J3). The crystal structure and orientation 

of the NRs were characterized by XRD (Bruker, D8 ADVANCE) with a CuK radiation 

source. The morphology and chemical composition of the NRs were examined by 

FESEM (JEOL, JSM-6701F) combined with energy dispersive X-ray spectroscopy 

(EDS). Optical transmission properties were studied by UV-Vis spectroscopy 

(HITACHI, U-2910) with a wavelength range of 200-800 nm. 

 

3. Results and discussion 

Figure 1(a) shows an AFM image of the bare FTO-coated glass substrate. It shows 

that the FTO is composed of nanoparticles 100 nm in diameter. The root mean square 

(RMS) roughness of the FTO is ~20.3 nm. The AFM image of the ZnO seed layer 

prepared on the FTO-coated glass substrate is shown in Fig. 1(b). The RMS roughness 

of the ZnO is ~16.2 nm. This means that the seed layer effectively smoothed the rough 

surface of the bare substrate. The average size of the seed nanoparticles is 20 nm. 

Figure 2(a) shows the top view FESEM image of the ZnO NRs. The inset image in 

Fig. 2(a) shows a cross-section. The NRs are uniformly grown on the surface of the seed 

layer and aligned perpendicular to the FTO-coated glass substrate. The average length, 

diameter, and surface density of the NRs are 1.2 m, 35 nm, and 168 m-2, respectively. 



The FESEM images (top view and inset cross-sectional view) of LZO NRs are shown in 

Fig. 2(b). With the incorporation of the Li dopant, the average length and diameter are 

1.7 m and 35 nm, respectively, whereas, the surface density decreased to 135 m-2. As 

the LZO NRs increase in length, they display the phenomenon of self-attraction, as seen 

in the top view FESEM image (Fig. 2(b)) [20,21]. The growth rate of the NRs is clearly 

dependent on the Li dopant, which led to distinct aspect ratios (34 for ZnO NRs and 48 

for LZO NRs). Aside from this change in aspect ratio with Li doping, no other 

morphological change was observed.  

Figure 3 shows the XRD patterns of ZnO NRs and LZO NRs. It is clear that all 

diffraction peaks belong to the hexagonal wurtzite ZnO phase (JCPDS card no. 

36-1451). No other impurity peaks are observed within the precision limit of the XRD 

measurement, indicating no secondary phase in the samples. All NRs show the strongest 

diffraction peak corresponding to the (002) plane. It is well known that the c-axis is the 

preferred orientation of ZnO because of the low surface free energy of the (002) plane 

[22,23]. The diffraction angle 2 of (002) is 34.44º for ZnO NRs and 34.42 º for LZO 

NRs. This difference is consistent with the fact that the ionic radius of Li+ (0.76 Å) is 

slightly larger than that of Zn2+ (0.74 Å) [24,25]. This difference in ionic radius resulted 

in a lower diffraction angle, corresponding to an increased c-lattice parameter of LZO 



NRs (5.206 Å) than of ZnO NRs (5.204 Å). It should be noted that the intensity of (002) 

peak increases with incorporation of Li dopant. This may because the Li atoms easily 

substituted Zn atoms in the lattice, and yielded better crystallinity and c-axis orientation 

[18]. Vertically well-aligned NRs plays a vital role in the fabrication of nanoscale 

electronics and optoelectronics. The XRD results are in agreement with the FESEM 

results (Fig. 3 and Fig. 2, respectively).  

Figure 4(a) shows the optical transmittance spectra of the ZnO NRs and LZO NRs. 

The ZnO NRs show high transmittance (~80%) of visible wavelengths. The 

transmittance of LZO NRs is lower than that of the ZnO NRs, but otherwise very 

similar [25]. As shown in Fig. 4(b), the optical bandgaps, estimated from the plots of 

(hv)2 versus photon energy hv, of ZnO NRs and LZO NRs are 3.29 and 3.30 eV, 

respectively [25]. Optical transmission property of NRs in the visible wavelengths is 

strongly important factor affecting the performance of photovoltaic cells. With 

incorporation of the Li dopant, long and well-aligned NZO NRs exhibit good optical 

transparency.  

Figure 5(a) shows the top view FESEM image of the CZO sample. The inset image 

in Fig. 5(a) is a cross-sectional FESEM image. It is noteworthy that the surface 

morphology of the CZO sample is significantly different from the ZnO NRs and LZO 



NRs. The CZO rods are hexagonal and very large, with a remarkable length of ~12 m. 

The diameter ranges from 0.5 to 1.2 m, and the rods are slightly narrower at the top 

than at the bottom. Most of the rods are randomly inclined on the substrate. It should be 

noted that NRs, with diameters on the order of tens of nanometers, are not observed 

anywhere on the surface of substrate. Figure 5(b) shows the high magnification image 

of the dashed rectangular region marked in Fig. 5(a). Interestingly, this sample also 

contains rice-shaped nanoparticles with a length of ~300 nm and a width of ~100 nm, 

which are uniformly distributed on the surface of the substrate. The mean thickness of 

this layer of nanoparticles, estimated from inset image in Fig. 5(b), is 300 nm.  

Table 1 presents the results of EDS analysis of the composition (in atomic percent) 

of the ZnO and CZO samples. Compared to the ZnO NRs, the CZO rods were slightly 

oxygen deficient and zinc rich. The Zn and Cu atomic percentages of the CZO sample 

in the rod region (A in Fig. 5(a)) and in the nanoparticle region (B in Fig. 5(b)) are 

41.1% and 2.4%, and 8.6% and 21.6%, respectively. The EDS analysis shows that the 

nanoparticle region is Cu-rich and Zn-deficient.  

Figure 6 shows the XRD pattern of the CZO sample. The major diffraction peaks 

correspond to the (100), (002), (101), (102), and (110) planes of hexagonal wurtzite 

ZnO (JCPDS card no. 36-1451). The two weak peaks at 35.51º and 38.72º correspond to 



the (002) and (111) planes of monoclinic CuO (JCPDS card no. 01-080-1917). The EDS 

and XRD results suggest that a secondary phase of CuO nanoparticles was formed on 

the surface of the substrate when the amount of Cu dopant exceeded the solubility limit 

in the ZnO (~10%) [26,27]. The optical transmittance of the CZO sample (not shown) is 

quite low (< 20%) due to the presence of CuO, which strongly absorbs throughout the 

visible spectrum [28]. 

 

4. Conclusions 

We investigated the structural properties of ZnO, LZO, and CZO NRs grown on 

ZnO seed layers on FTO-coated glass substrates. The Li and Cu dopants had remarkably 

different influences on the growth behavior of the ZnO NRs. Incorporating the Li 

dopant in the solution provided a facile way to produce long and well-aligned NRs with 

high crystallinity. The optical transmittance of the LZO NRs was slightly lower than 

that of ZnO NRs over the visible wavelength region, but otherwise very similar. By 

contrast, the addition of the Cu dopant induced significant morphological changes in the 

NRs. Instead of the vertically aligned NRs with diameters on the order of several 

nanometers, large and randomly-oriented rods with lengths of ~12 m and diameters in 

the range of 0.5-1.2 m were grown on the surface of the FTO-coated glass substrate. 



The Cu dopant that exceeded the solubility limit in the ZnO formed CuO nanocrystals 

on the surface of the substrate. Our results indicate that by choosing dopants, it could be 

possible to easily control the growth behaviors of ZnO NRs. 
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Figure captions 

Fig. 1. AFM images of (a) bare FTO-coated glass substrate and (b) ZnO seed layer 

prepared on FTO-coated glass substrate. 

Fig. 2. Top view FESEM images of (a) ZnO NRs and (b) LZO NRs. Inset images are 

cross-sectional images. 

Fig. 3. XRD patterns of ZnO NRs and LZO NRs on the FTO-coated glass substrates. 

Fig. 4. (a) UV-Vis transmittance spectra and (b) plots of (hv)2 versus hv of the ZnO 

NRs and LZO NRs on the FTO-coated glass substrates. 

Fig. 5. Top-view FESEM images of CZO sample; (a) low and (b) high magnification 

images. Inset images in (a,b) are cross-sectional images. The dotted lines in (a) indicate 

the areas that are presented in higher magnification in (b). 

Fig. 6. XRD pattern of CZO sample on the FTO-coated glass substrate. 



Table 1. Atomic percentage of compositional elements of ZnO NRs and CZO samples, 

obtained from EDS analysis. 

Samples Atomic percentage of element (%) 

O Zn Cu 

ZnO NRs 61.2 38.8 - 

CZO rods 56.5 41.1 2.4 

 nanoparticles 69.8 8.6 21.6 
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