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Abstract.  We have studied the structural and optical properties of the non-doped and Co 0.08 at.%, Co 0.02 at.%, 
and Co 0.11 at.% doped ZnO nanorods (NRs) synthesized using the simple low-temperature chemical bath 
deposition (CBD) method at 95°C for 2 hours. The scanning electron microscope (SEM) images confirmed the 
morphology of the ZnO NRs are affected by Co incorporation.  As observed, the Co 0.08 at.% doped ZnO NRs have 
a larger dimension with an average diameter of 153.4 nm. According to the International Centre for Diffraction Data 
(ICDD) number #00-036-1451, the x-ray diffraction (XRD) pattern of non-doped and Co-doped ZnO NRs with the 
preferred orientation of ZnO NRs in the (002) plane possess polycrystalline hexagonal wurtzite structure with the 
space group P63mc. Optical absorbance indicates the Co 0.08 at.% doped ZnO NRs have stronger and blueshift 
bandgap energy (3.104 ev). The room temperature photoluminescence (PL) spectra of ZnO NRs exhibited excitonic-
relates ultraviolet (UV) and defect-related green band (GB) emissions. By calculating the UV/GB intensity, the Co 
0.08 at.% is the proper atomic percentage to have fewer intrinsic defects. We predict that Co-doped ZnO NRs induce 
a blueshift of near band edge (NBE) emission due to the Burstein-Moss effect. Meanwhile, the redshift of NBE 
emission is attributed to the modification of the lattice dimensions and exchange energy. 
 

Keywords:  bandgap energy; Co-doped ZnO NRs; morphology; NBE emission; polycrystalline hexagonal 
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1. Introduction 
 

ZnO is an II-VI semiconductor also common as piezoelectric material that extensively studied 
for the last two decades (Allahverdinejad Sarab et al. 2022). ZnO is a low-cost, non-toxic, earth-
abundant, high chemical and thermal stability, high mechanical strength, and wide direct bandgap 
energy of 3.34eV, hence ZnO is promising material for broad optoelectronic applications 
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(Demircan et al. 2023, Lehru et al. 2021, Movlarooy et al. 2018, Sugihartono et al. 2012). 

Moreover, ZnO has a strong exciton binding energy of 60 meV larger than thermal energy at room 

temperature (26meV) (Sugihartono et al. 2016, Tan et al. 2005).  

ZnO nanorods (ZnO NRs) as one-dimensional (1D) nanostructures have great potential 

applications for low-dimension optoelectronic devices (Yang et al. 2007). As reported, ZnO NRs 

can be synthesized by some methods i.e., metal-organic chemical vapor deposition (MOCVD) 

(Sugihartono et al. 2018), chemical bath deposition (CBD) (Sugihartono et al. 2019), 

hydrothermal process (Roza et al. 2020), a facile low-temperature solution method (Ta et al. 

2018), etc.  

As a 1D nanostructure, ZnO NRs should have a smaller size than the exciton Bohr radius. 

Hence, most researchers believed the quantum confinement in ZnO nanorods is responsible for the 

shifting of luminescence. It is called blue shift (Yang et al. 2007, Sugihartono et al. 2018, 

Sugihartono et al. 2019, Roza et al. 2020, Ta et al. 2018, Yu et al. 2003). However, in diameter, the 

ZnO nanorods mostly are much larger than the Bohr radius (Sugihartono et al. 2018, Jin et al. 

2003, Song and Lim 2006). Moreover, the anomalous of blue-shift in ZnO nanorods with a 

diameter larger than exciton the Bohr radius is related to the Burstein-Moss band filling effect 

under the excitation of the high-energy electron beam (Yang et al. 2007). On the other hand, the 

luminescence properties of ZnO can be used to study the evolution of electronic defects (Lima et 

al. 2001). To the best of our knowledge, zinc interstitial (Zni) and oxygen vacancy (Vo) are 

dominant nature defects that attribute to the n-type behavior. Others reported the nature of the 

defects to depend on morphology, structure, particle size, composition, and crystallinity which 

play an important role in the optical properties of ZnO (Sugihartono et al. 2019, Lima et al. 2001, 

Tan et al. 2005). 

Our previous results stated that doping is one of the important parameters to modify the 

electronic structure, optical properties, and electrical properties of ZnO NRs (Sugihartono et al. 

2019). One of the promising dopant elements for functional electronic devices is 3d-transition 

metal ions (Ti2+, V2+, Cr2+, Mn2+, Fe2+, Co2+, Ni2+, and Cu2+) (Movlarooy et al. 2017, Febrianti et 

al. 2017). By introducing the 3d-transition metal ions into the cation sites of the semiconductor 

crystal lattice, the properties of ferromagnetic and semiconductor will simultaneously present. The 

semiconducting alloy is called a diluted magnetic semiconductor (DMS) which has potential in 

spintronic applications (Sugihartono et al. 2019). Furthermore, the purpose of DMS is to observe 

the ferromagnetic behavior at room temperature. On the other hand, some researchers have the 

intention to increase the photocatalyst activity of ZnO by modifying the electronic structure and 

the bandgap by incorporating the TM ions into the ZnO structure (Roza et al. 2020, Lu et al. 2011, 

Dorneanu et al. 2018). The presence of TM ions induces the decreasing of band gap energy and 

the spin polarization in the structure of ZnO (Ghajari et al. 2013). Moreover, among the TM ions, 

Co2+ has high solubility, an ionic radius (0.058 nm) similar to Zn (0.060 nm), and produces a 

significant redshift, hence tuning of the Fermi level of ZnO (Lu et al. 2011, Xiu et al. 2006). 

Others reported that by incorporating Co dopant, the diameter and crystallite size increased, 

whereas the bandgap decreased (Roza et al. 2020). By substitution of Co2+ ions into the Zn2+ ions, 

the bandgap energy decreased. It would form the ionization state below the conduction band which 

allows the transition of the O 2p-orbital to either Co 3d-orbital or Zn 3d-orbital (Xu et al. 2010, 

Chen et al. 2021). The presence of Co dopant in the ZnO site is also believed can be used to slow 

the charge carrier recombination (Demircan et al. 2022). Meanwhile, by Co incorporation into the 

ZnO site, it would improve transparency (Vempati et al. 2012). Furthermore, the bandgap of ZnO 

increases by increasing Co dopants i.e., 3.30eV for non-doped to 3.50eV for Co-doped (Vempati et  
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Fig. 1 Schematic of synthesis ZnO nanorods by simple low temperature CBD 

 

 

al. 2012). An increasing bandgap predicts due to the Burstein-Moss effect when Co as a dopant is 

present (Vempati et al. 2012). 

In this work, we have synthesized non-doped and Co-doped ZnO NRs using two-step 

processes, i.e., ultrasonic spray pyrolysis 1.7 MHz (USP) and the simple low-temperature 

hydrothermal. The USP for deposited ZnO seed layer and the CBD for the growth process of ZnO 

NRs. Further, we have studied the effect of Co doping on the structural properties of ZnO NRs and 

observe their absorbance and photoluminescence (PL) properties. Hence, the results have the 

advantages control the Co as dopants concentration on the structure of ZnO NRs and their optical 

properties. 

 

 

2. Experimental details 
 

2.1 Seed layer deposition 
 

We prepared 15 mm15 mm glass substrate and cleaned it sequentially by putting it into a glass 

of solvents (acetone, isopropanol, and de-ionized (DI) water). Then, the cleaning process of the 

glass substrate using each solvent was performed using an ultrasonic bath for 15 minutes. Then, to 

dry the glass we used the nitrogen blower. For the precursor, we used an analytical grade of zinc 

acetate dihydrate (C4H6O4Zn•2H2O). To prepare the precursor solution, 0.02 mol of zinc acetate  
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Fig. 2 SEM images of the ZnO NRs (a) Non-doped, (b) Co 1 wt.%, (c) Co 3.5 wt.%, (d) Co 5 wt.% 

 

 

dihydrate was dissolved in 100 ml of de-ionized (DI) water. The glass substrate was then heated at 

450°C. An aerosol of the precursor solution was sprayed and injected on top of indium tin oxide 

(ITO) glass substrate by the commercial ultrasonic nebulizer (1.7 MHz) for 10 min. Then, we 

obtain the ZnO thin film as a seed layer. 

 

2.2 Synthesis of ZnO nanorods 
 

Non-doped and Co-doped ZnO NRs were grown on the glass substrate containing the ZnO seed 

layer using the simple low-temperature chemical bath deposition (CBD) method. Growth solutions 

were prepared by dissolving zinc nitrate tetrahydrate (Zn(NO3)24H2O, 99.99%, melting 45°C, 

Merck) and hexamethylenetetramine (C6H12N4, 99.99%, melting point 280°C, Merck) in de-

ionized (DI) water with the equimolar concentration of 0.1 M by stirring for 30 minutes at room 

temperature. Then, Cobalt (II) acetate tetrahydrate (C4H6CoO4.4H2O, 98.0-102.0%, melting point 

140°C, Merck) was added into the growth solutions as a dopant source with four different weight 

ratios (0, 1 wt.%, 3.5 wt.%, and 5 wt.%). Next, the solutions were stirred for 60 minutes without 

any heating until the transparent solution was obtained. The ZnO seed-coated glass substrate was 

immersed in the growth solution. Furthermore, the growth process of ZnO NRs was performed by 

heating the sealed bottles at 95°C in the furnace for 2 hours. 

 

2.3 Characterization 
 

To observe the morphology of the non-doped and Co-doped ZnO NRs at room temperature, we 

performed the scanning electron microscope (SEM) JEOL JSM-6510 at room temperature. The  
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Table 1 The Atomic percentage of non-doped and Co-doped ZnO NRs 

Sample 
Atomic percentage of elements (%) 

Zn O Co 

Non-doped 57.38 47.62 - 

Co 1 wt.% 59.83 40.10 0.08 

Co 3.5 wt.% 59.22 40.75 0.02 

Co 5 wt.% 53.60 46.29 0.11 

 

 

structural properties of non-doped and Co-doped ZnO NRs have been characterized by X-ray 

diffraction (XRD) measurement with CuKα radiation (PAN-analytical). Then, we estimated the 

structural parameters of the samples such as diffraction angle, lattice parameter, full width at half 

maximum (FWHM), crystallite size, and microstrain. The optical absorbance of non-doped and 

Co-doped ZnO NRs was measured using a spectrophotometer UV-Vis MAYA software Spectra-

Suite. To estimate the optical band gap energy of non-doped and Co-doped ZnO NRs, we 

determine it by Tauc plot from the optical absorption edge. Last step, we performed a femtosecond 

laser (at the excitation wavelength of 325 nm) to study the photoluminescence properties of non-

doped and Co-doped ZnO NRs. 

 

 

3. Results and discussions  
 

3.1 The morphological properties and elemental composition 
 

Figs. 2 (a)-(d) shows scanning electron microscopy (SEM) images of non-doped and Co-doped 

ZnO NRs with different Co concentrations. As seen from the figure, the morphology of ZnO NRs 

shows the diameter of Co 1 wt.% has larger than non-doped, Co 3.5 wt.%, and 5 wt.%.  

We observed the average diameter of non-doped, Co 1 wt.%, Co 3.5 wt.%, and Co 5 wt.% 

doped ZnO NRs are 133 nm, 153.4 nm, 73.2 nm, and 75.4 nm, respectively. Furthermore, by 

energy dispersive x-ray (EDX) spectroscopy, the atomic percentage (at.%) can be analyzed. The 

atomic percentage of Co 1 wt.%, 3.5 wt.%, and 5 wt.% are 0.08 at.%, 0.02 at.%, and 0.11 at.%, 

respectively (Table 1). 

According to the EDX spectroscopy measurement (Table 1), in a further discussion, we will 

consider the atomic percentage of Co-doped ZnO NRs. We observed the shape and size of ZnO 

NRs affected by the dopant concentration of Co. Moreover, the shape and size are more 

homogeneous when the Co concentration is 0.11at.%. Meanwhile, the Co 0.08 at.% doped ZnO 

NRs have larger dimensions with an average diameter of 153.4 nm. 

 

3.2 The structural properties of non-doped and Co-doped ZnO NRs 
 

Fig. 3 shows the XRD patterns of non-doped and Co-doped ZnO NRs with different atomic 

percentages of Co (0.08 at.%, 0.02 at.%, and 0.11 at.%). We observed eight planes (100), (002), 

(101), (102), (110), (103), (112), and (201) correspond to the angular position (2θ) at 31.663°, 
34.412°, 36.181°, 47.441°, 56.478°, 62.766°, 67.850°, and 69.055°, respectively. There are no 

diffraction peaks from other phases such as CoO, CoO2, and Co3O4 (Vempati et al. 2012). We 

believed it’s due to the similarity of the ionic radius (Sugihartono et al. 2019), i.e., the ionic radii  
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Fig. 3 XRD patterns of non-doped and Co-doped ZnO NRs with different atomic percentages of 

Co (0.08 at.%, 0.02 at.%, and 0.11 at.%) 

 

 

Fig. 4 Coefficient of texture of the non-doped and Co 0.08 at.%, Co 0.02 at.%, and Co 0.11 at.% 

doped ZnO NRs 

 

 

of Co and Zn are 0.058 nm and 0.06 nm, respectively (Godavarti et al. 2019). Meanwhile, 

according to International Centre for Diffraction Data (ICDD) number #00-036-1451, the non-

doped and Co-doped ZnO NRs possess polycrystalline hexagonal wurtzite structure with the space 

group P63mc. Moreover, the preferred orientation of the XRD pattern can be determined by 

calculating a coefficient of texture (Thkl) (Mohar et al. 2020). 

𝑇ℎ𝑘𝑙 =
𝐼(ℎ𝑘𝑙)/𝐼0(ℎ𝑘𝑙)

1/𝑛∑[𝐼(ℎ𝑘𝑙)/𝐼0(ℎ𝑘𝑙)]
 (1) 
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Table 2 The structural parameters of the non-doped and Co 0.08 at.%, Co 0.02 at.%, and Co 0.11 at.% doped 

ZnO NRs 

Sample 2θ a=b (Ǻ) c (Ǻ) dhkl (Ǻ) FWHM 
Crystallite 

size (nm) 

Micro-

strain (%) 

Volume 

(Ǻ) 

Non-doped 34.354 3.253 5.214 2.615 0.261 35.342 0.590 47.705 

Co 0.08 at.% 34.422 3.249 5.206 2.609 0.185 53.849 0.242 47.607 

Co 0.02 at.% 34.431 3.249 5.206 2.609 0.191 41.128 0.317 47.592 

Co 0.11 at.% 34.425 3.252 5.208 2.609 0.155 58.193 0.224 47.699 

 

 

As well known, I(hkl) is a measured relative intensity of the reflection from the (hkl) plane; 

Io(hkl) is the intensity of the standard reference sample, and n is the total number of reflection 

peaks of the sample. The Thkl value of non-doped and Co-doped ZnO NRs can be seen in Fig. 4. 

The Thkl value for the (100) plane was improved by Co incorporation. Meanwhile, the (002) plane 

has an average value higher than (100) and (101) planes. Hence, we confirmed all the samples 

have preferred orientation in the (002) plane. 

The Thkl values in the (002) plane of non-doped, Co 0.08 at.%, Co 0.02 at.%, and Co 0.11 at.% 

doped ZnO NRs are 1.25, 1.12, 1.39, and 1.10. These results indicate the preferred orientation of 

ZnO NRs in the (002) plane can be achieved by a Co-doped of 0.02 at.%. Furthermore, the 

calculated values of the XRD pattern of non-doped and Co-doped ZnO NRs in the (002) crystal 

plane, is shown in Table 2. 

In the (002) plane the diffraction peak (2θ) shifted slightly to a higher angle by Co 

incorporation. Furthermore, as compared to non-doped ZnO NRs, the lattice parameters, dhkl, and 

volume in the (002) plane decreased by the incorporation of Co in the Zn sites. Others reported the 

lattice parameter of ZnO will decrease when the ionic radius of the dopant is smaller compared to 

Zn, (Sunwanboon et al. 2011). Interestingly, the volume of the unit cell decreases and linearly 

increases by increasing the atomic percentage of Co. As shown in Table 2, the volume of the unit 

cell of non-doped, Co 0.08 at.%, Co 0.02 at.%, and Co 0.11 at.% doped ZnO NRs are 47.705 Å, 

47.607 Å, 47.592 Å, and 47.699 Å, respectively. It is seen that with a higher atomic percentage of 

Co (0.11 at.%), the volume of unit cell closed to non-doped ZnO NRs. It’s in accordance with 

Vegard’s law that mentioned a higher doping level could increase the volume of the unit cell 

(Pushpa et al. 2017). Further investigation, the non-doped, Co 0.08 at.%, Co 0.02 at.%, and Co 

0.11 at.% doped ZnO NRs have the ratio of the unit cell axis length (c/a) are 1.603, 1.602, 1.602, 

and 1.601, respectively. It is indicating the wurtzite structure of ZnO (Vempati et al. 2012). The 

addition of Co into ZnO causes the value of the full width at half maximum (FWHM) of Co-doped 

ZnO NRs in the (002) plane to have a narrower peak than non-doped ZnO NRs. The decrease in 

the FWHM value indicates the crystal quality of ZnO NRs has improved. According to Debye-

Scherer’s equation, the FWHM can be used to calculate the crystallite size of ZnO NRs (Putri et 

al. 2018). Moreover, the micro-strain of ZnO NRs calculated by using the Stokes-Wilson equation 

(Mohar et al. 2020). The crystallite size and the micro-strain of non-doped, Co 0.08 at.%, Co 0.02 

at.%, and Co 0.11 at.% doped ZnO NRs are 35.342 nm, 53.849 nm, 41.128 nm, and 58.193 nm, 

respectively. On the other hand, the micro-strain of non-doped, Co 0.08 at.%, Co 0.02 at.%, and 

Co 0.11 at.% doped ZnO NRs are 0.590%, 0.242%, 0.317%, and 0.224%, respectively. It is 

confirmed that the crystallite size and micro-strain changed Co incorporation in the ZnO NRs 

structure. 
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Fig. 5 UV-Vis absorbance spectra of the non-doped and Co 0.08 at.%, Co 0.02at.%, and Co 0.11 

at.% doped ZnO NRs 

 
 
3.3 The optical properties of non-doped and Co-doped ZnO NRs  
 

Fig. 5 shows ultraviolet-visible (UV-Vis) absorbance spectra of non-doped and Co-doped ZnO 

NRs with different Co concentrations. 

The optical absorption spectra of the ZnO NRs recorded in the range of 250-850 nm. The 

absorption spectra of non-doped and Co 0.08 at.%, Co 0.02 at.%, and Co 0.11 at.% doped ZnO 

NRs have a broad peak in the range of 300-550 nm with strong absorption in the range of UV 

wavelength and weak absorption in the range of visible. There is an increase in intensity in the 

range of UV wavelength with the most intense peak for Co 0.08 at.% doped ZnO NRs at ~350 nm. 

It indicates the characteristic of a wide bandgap ZnO (Sugihartono, et al. 2015). Moreover, as seen 

in Fig. 5, the optical absorption of the Co 0.08 at.% doped ZnO NRs has stronger intensity may be 

due to it has larger dimension as confirmed by the scanning electron microscopy (SEM) images 

(Fig. 2). Furthermore, the broad absorbance and the intensity smoothly decrease up to near-

infrared wavelength. In contrast, most of the absorbance spectra of ZnO NRs have a sharp 

absorption edge (Roza et al. 2020, Febrianti, et al. 2017, Šutka et al. 2016). Hence, our results 

indicate the native defects of ZnO NRs spread simultaneously. Meanwhile, the presence of the Co 

dopant in the ZnO NRs structure suppresses the native defects in the forbidden bandgap. 

The bandgap of non-doped and Co-doped ZnO NRs can be estimated using the Tauc plot from 

the optical absorption edge. Fig. 6 shows the Tauc plot for the non-doped and Co 0.08 at.%, Co 

0.02 at.%, and Co 0.11 at.% doped ZnO NRs where the absorption coefficient times the photon 

energy to the second power plotted versus the incident photon energy (Wang et al. 2008, Viezbicke 

et al. 2015). 

The bandgap energy (Eg) non-doped and Co-doped ZnO NRs estimated by drawing the 

intersection of the tangent from the curves. It is seen that the incorporation of Co into ZnO NRs 

induces the change of bandgap energy. We observed the Eg of non-doped was found to be 3.066  
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Fig. 6 Optical Bandgap energy of the non-doped and Co 0.08 at.%, Co 0.02 at.%, and Co 0.11 

at.% doped ZnO NRs 

 

 

eV. Meanwhile, for the Co 0.02 at.% and Co 0.11 at.% doped ZnO NRs, the Eg decreased to 3.033 

eV and 2.967 eV, respectively. It is relevant to the other report, the Eg of ZnO decreases by Co 

doping concentrations (Majeed-Khan et al. 2010). The redshift of the Eg for Co 0.02 at.%, and Co 

0.11 at.% doped ZnO NRs may occur due to modification on the lattice dimensions (Qiu et al. 

2006). Meanwhile, others reported that the bandgap energy reduction is due to the introduction of 

new unoccupied states by Co 3d electrons which cause the exchange interactions between the Co 

electrons in the d orbitals and the electrons in the s orbitals of O2 and the p orbitals of Zn (Roza et 

al. 2020). It is relevant to the theoretical result that the introducing TM ions in the ZnO site, the d 

band will have high localization compared to the s and p bands (Ghajari et al. 2013). By the 

presence of Co as a ferromagnetic dopant in the ZnO structure, the sp-d exchange interaction 

expecting occurs between the band electrons and the localized d electrons of Co2+ (Shindu et al. 

2019). The sp-d hybridization is located lowers the bottom of the conduction band. Meanwhile, 

there is a blueshift of Eg (3.104 eV) by Co 0.08 at.% doped ZnO NRs. This blueshift energy by Co 

incorporation in ZnO structure can be described in terms of the Burstein-Moss effect (Vempati et 

al. 2012). As reported, the increasing value of Eg of ZnO NRs depends on several factors such as 

grain size, carrier concentration, and lattice strain (Pushpa et al. 2017). However, we predict the 

Co-doped NRs with the Co atomic percentage of 0.08 % may occur the increasing carrier 

concentration in the bottom of the conduction band. Hence, it causes the Fermi level to shift. 

Hence, the Burstein-Moss effect compensates the exchange interaction sp-d transition state.  

The photoluminescence (PL) spectra of the non-doped and Co-doped ZnO NRs (Co 0.08 at.%, 

Co 0.02 at.%, and Co 0.11 at.%) at room temperature are presented in Fig. 7. 

As can be seen in the figure, the PL spectra of ZnO NRs exhibited two typical emissions, i.e., 

excitonic-relates ultraviolet (UV) and defect-related green band (GB) emissions which correspond 

to near band-edge emission (NBE) and deep-level emission (DLE), respectively. To evaluate the 

structural defects of ZnO, we have calculated the ratio of UV and GB (UV/GB) (Sugihartono, et  
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Fig. 7 The PL spectra of the non-doped and Co 0.08 at.%, Co 0.02 at.%, and Co 0.11 at.% doped 

ZnO NRs at room temperature 

 

 

Fig. 8 The shift of NBE emission in the Co-doped ZnO NRs with different atomic composition 

 

 

al. 2015, Tan et al. 2006). The UV/GB value for Co 0.08 at.% doped ZnO NRs is 18.2. This value 

is higher than the non-doped ZnO NRs, Co 0.02 at.%, and Co 0.11 at.% doped ZnO NRs. To the 

best of our knowledge, the GB emission is mostly due to radiative recombination of 

photogenerated holes with electrons in a singly oxygen vacancy (Sugihartono et al. 2016, Tan et 

al. 2006). However, others reported that by Co incorporation into the ZnO structure, there is the d-

d transition of Co2+ ions which contributes to GB emission (Shindu et al. 2019). A further 
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observation from the PL spectra shows the blueshift of the NBE emission for the Co 0.11 at.% 

doped ZnO NRs (Fig. 8). As well known, the Co incorporation affects the distribution of the 

internal defects in the ZnO NRs. Furthermore, by Co incorporating, there is substitution Zn by Co 

ions which cause the increasing electron carrier concentration (Demircan et al. 2023).  

This phenomenon is called Burstein-Moss effect. The blueshift of NBE emission may be 

attributed to the Burstein-Moss effect (Mohar et al. 2020, Toufiq et al. 2006). On the other hand, 

for Co 0.02 at.%, and Co 0.08 at.% doped ZnO NRs indicate a redshift of the NBE emission. The 

redshift may correlate with the bandgap shifting as a function of lattice volume and contribution to 

the exchange energy due to Co incorporation (Qiu et al. 2006). 

 

 

4. Conclusions 
 

In summary, we have studied the structural and optical properties of the non-doped and Co 0.08 

at.%, Co 0.02 at.%, and Co 0.11 at.% doped ZnO NRs synthesized using the simple low-

temperature CBD method at 95°C for 2 hours.  

• The morphology of ZnO NRs influenced by Co incorporation.  

• The XRD pattern of non-doped and Co-doped ZnO NRs have the preferred orientation in the 

(002) plane and possess polycrystalline hexagonal wurtzite structure with the space group 

P63mc.  

• The proper Co concentration in the ZnO structure provides a larger NRs dimension and the 

Co 0.08 at.% doped ZnO NRs has stronger absorption and blueshift bandgap energy (3.104 ev).  

• The room temperature PL spectra of ZnO NRs exhibited two typical emissions, i.e., excitonic-

relates ultraviolet (UV) and defect-related green band (GB) emissions.  

• The Co-doped ZnO NRs induce a blueshift of NBE emission due to the Burstein-Moss effect. 

Meanwhile, the redshift of NBE emission is attributed to the modification of the lattice 

dimensions and exchange energy. 
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