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The visible photoluminescence (PL) of ZnO is controversial for a long time. At present, the contribution of oxygen 

interstitial defects to yellow/orange emission from ZnO nanostructures is on debate. In this report, the origin of orange 

emission from solution- grown ZnO nanorods is investigated using excitation wavelength dependent photoluminescence PL, 

PL excitation and UV-Vis spectra. These results showed that orange emission may be due to the transition of an electron 

from shallow defect levels positioned slightly below the conduction band to the singly ionized oxygen vacancies. Hence, it 

is believed that oxygen interstitials may not be responsible for orange emission from solution grown ZnO nanostructures. 
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1 Introduction 

ZnO is one of the prominent wide and direct band 

gap semiconductors having potential applications in 

optoelectronic devices, sensors, biomedical 

applications, radiation detectors etc.1-3. The importance 

of ZnO in diverse fields is due to its wide band gap of 

3.37 eV and large exciton binding energy of 60 meV. 

The detailed understanding of defect luminescence of 

ZnO nanostructures is necessary for its use in various 

applications such as photo detectors, light emitting 

diodes etc.4 In spite of the extensive research on ZnO 

nanostructures, visible photoluminescence (PL) or 

defect PL of ZnO is still controversial. It is believed 

that, yellow/orange PL from ZnO nano structures is 

attributed to the oxygen interstitials for a long time2-7. 

But, recently, Jinpeng Lv et al. studied origin of orange 

emission from hydrothermally grown ZnO nanorods 

through oxygen plasma exposure and low temperature 

O2 annealing. Their experimental results showed that 

isolated interstitial oxygen is not responsible for the 

orange emission from ZnO and they assigned it to 

lithium related impurities or surface ligands2. Biroju et 

al. reported that orange emission is due to the shallow 

energy levels below the conduction band to the oxygen 

interstitials (Oi) in ZnO nanorods grown on graphene4.

However, they did not mention about type of defects 

that introduced shallow levels below conduction band. 

Very recently, Amin et al. investigated the origin of 

orange/red emissions from vertically aligned zinc oxide 

nanorods arrays produced using hydrothermal process 

followed by plasma treatment in argon/sulfur 

hexafluoride (Ar/SF6) gas mixture for different time8. 

These results indicated that orange/red emissions are 

due to the transitions from conduction-band minimum 

(CBM) to oxygen interstitials (Oi) and CBM to oxygen 

vacancies (VO) with corresponding photon energies of 

2.21 and 1.90 eV, respectively8. It is discernable that 

there is no consensus on the origin of these orange/red 

or orange/yellow emissions. Hence, understanding the 

origin of orange emission from ZnO nanorods needs to 

be addressed. 

In this work, vertically aligned ZnO nanorods are 

grown on glass substrates. These nanorods exhibited 

intense orange/red emission. Excitation wavelength 

dependent PL and PL excitation and absorption 

spectra are used to understand the initial and final 

states of orange emission. These results showed that 

orange emission is due to the transition of charge 

carrier from a shallow donor which is slightly below 

the conduction band to the oxygen vacancy.  
————— 
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2 Experimental Details  

Zinc Acetate dihydrate Zn(CH₃CO₂)₂·2H₂O (98% 

sigma Aldrich), Zinc nitrate hexahydrate 

Zn(NO3)2.6H2O (98%, sigma Aldrich) and 

Hexamethylenetetramine (C6H12N4) (sigma Aldrich) 

were used without further purification for the 

preparation of ZnO seed layers and for the growth of 

ZnO nanorods on glass substrates. 
 

2.1 Preparation of the samples 

Vertically aligned ZnO nanorods were prepared 

through two step process. In the first step, seed layer 

was deposited on the substrates using spin coating 

method. Subsequently, growth of ZnO nanorods was 

achieved by hydrothermal process. Before the 

deposition of seed layer, glass substrates were cleaned 

with acid, acetone and isopropyl alcohol. To prepare, 

ZnO seed layers on glass substrates, 

Zn(CH₃CO₂)₂·2H₂O was dissolved in 30 ml of 

distilled water to obtain 10 mM concentration. This 

solution was coated onto the glass substrate using spin 

coater at a speed of 2000 rpm. This process was 

repeated several times to obtain the desired thickness 

to grow vertically aligned ZnO nanorods. In the next 

step, these ZnO seed layers were immersed vertically 

in a solution containing Zn(NO3)2.6H2O and 

Hexamethylenetetramine ((C6H12N4). ZnO nanorods 

of different aspect ratio were grown by changing the 

concentration of zinc nitrate and HMTA in the ratio of 

25:25, 50:50, 150:150 and 250:250 mM and the 

growth time was kept as 90 minutes. As prepared 

nanorods were rinsed with distilled water many times 

and dried in the ambient atmosphere. 
 

2.2 Characterization Techniques 

The morphology of the samples was studied using 

Field emission scanning Electron Microscope  

(FE-SEM). Band gap of ZnO nanorods was 

determined from the UV-vis absorption spectrum. The 

emission and excitation spectra were recorded by 

using the photoluminescence spectrometer 

(Flourolog-III).  
 

3 Results and Discussion  

Figure 1 Shows the FE-SEM pictures of ZnO seed 

layer and nanorods prepared with different precursor 

concentrations on glass substrates. Figure 1 (a-b) 

shows the plane and cross sectional view of the ZnO 

seed layer. The surface of the seed layer is uniform 

and the size of the ZnO nano crystallites is around 10 

nm. The thickness of the seed layer measured form 

the Fig. 1(a) is approximately 150 nm. Figure 2 shows 

the Energy Dispersive Spectroscopy of ZnO 

nanorods. The EDS spectrum exhibits the 

characteristic peaks of Zn and oxygen and indicates 

 
 

Fig. 1 — FE-SEM mages of ZnO seed layer 
 

 
 

Fig. 2 — EDS spectrum of ZnO nanorods 
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there are no impurities in the ZnO nanorods.  

Figure 3(a-d) shows the cross sectional view of the 

ZnO nanorods grown at different concentrations of 

zinc nitrate and HMTA precursors (ZG1, ZG3 and 

ZG4). It is obvious that nanorods were grown along 

the c-axis (0001) with flat hexagonal tips at all 

concentrations. It confirms the hexagonal wurtzite 

structure of ZnO nanorods. However, the density and 

diameter of ZnO nanorods increased with increase of 

precursor concentration. Further, at lower 

concentrations (25:25 and 50:50 mM), ZnO nanorods 

were poorly aligned in vertical direction but at other 

concentrations, nanorods aligned vertically along the 

c-axis. The aspect ratio values for these ZnO nanorods 

are shown in Table 1.  
 

Figure 4(a) shows the PL spectra of ZnO nanorods 

grown on glass substrates by hydrothermal method 

with different concentrations of precursors. Figure 

4(b) shows the positions of UV emission peaks of 

ZnO nanorods for different concentrations. These PL 

spectra exhibited a very feeble near band edge (NBE) 

emission positioned at 377 nm and a broad and 

intense orange emission centered at 620 nm. The NBE 

emission is due to the radiative recombination of 

excitons and the orange emission at 620 nm was 

previously assigned to the interstitial oxygen ions 

(  
 )2,4,7-8. Since broad PL band is asymmetrical, it 

can be inferred that the PL band should have more 

than one origin. Hence the PL spectrum is Gaussian 

fitted to find the number of peaks in this broad  

PL spectrum. Figure 5 shows the PL spectrum 

Gaussian divided into three sub-bands (Coefficient of 

Table 1 — Aspect ratio’s of ZnO nanorods prepared with 

different precursor concentrations 

Sample 

name 

Diameter 

(nm) 

Length 

(nm) 

Aspect 

Ratio(l/d) 

P=INBE/IDLE 

ZG1 55 1100 20  

ZG2 65 600 9.23 0.023 

ZG3 135 650 4.81 0.035 

ZG4 180 603 3.35 0.025 
 

 
 

Fig. 3 — FE-SEM pictures of ZnO nanorods 

 
 

Fig. 4 — PL spectra of ZnO nanorods 
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determination = 0.999) positioned at 550, 620 and 754 

nm respectively. The peak at 754 nm is the second 

order near band edge emission. The broad PL 

emission band containing green and orange emissions 

was observed by Zhang et al. in amorphous ZnO 

granular films and attributed them to oxygen 

vacancies and oxygen interstitials9-10.  

However, controversial mechanisms have been 

reported for the origin and positions of initial and 

terminal states responsible for these emissions. In the 

literature, oxygen vacancies, zinc vacancies, oxygen 

interstitials, zinc interstitials, Cu impurities have been 

assigned as a source of green emission observed in 

ZnO nanorods8,11. However, many people believed 

that green emission is due to singly ionized oxygen 

vacancies. From Fig. 4 it is obvious that ZG3 shows 

high intensity compared to other samples. From the 

FE-SEM analysis it is clear that diameter of the 

nanorods increased with increase of concentration and 

there is no considerable change in the length of the 

ZnO nanorods. The change in diameter is 

predominant when the concentration increased from 

50:50 to 150:150 mM. In other words, sample having 

larger diameter showed highest intensity. Recent 

reports on PL of ZnO nanorods showed enhancement 

of oxygen related defects in larger diameter ZnO 

nanorods12. Hence the enhancement in the intensity of 

orange emission may be ascribed to the enhancement 

of oxygen related defects.  

Since two types of defects (oxygen vacancies and 

oxygen interstitials) are responsible for this broad PL 

band8, it can be inferred from these PL spectra that the 

number of oxygen vacancies and oxygen interstitials 

in smaller diameter nanorods happens to be same. But 

in larger diameter ZnO nanorods, the concentration of 

oxygen interstitials might have enhanced significantly 

compared to the oxygen vacancies. From this 

discussion, it is easy to understand that the broadening 

of PL band of larger diameter ZnO nanorods is due to 

the enhancement in the concentration of these defects. 

The initial and final states responsible for green and 

orange emissions are investigated by using the UV-v 

is absorption spectroscopy, excitation wavelength 

dependent PL and PL excitation spectra. Fig. 5 shows 

the UV-v is absorption spectrum of ZnO nanorods 

(ZG3). According to Tauc, for a direct semiconductor, 

by plotting (h)2 as a function of h, the optical 

band gap (Eg) can be extracted by performing a linear 

fit on the linear region of high absorption according to 

the following equation.  
 

                   … 1 
 

Where his the photon energy, is the absorption 

coefficient, and A is a constant13. This is the equation 

of a straight line where the value of intercept with the 

abscissa axis is Eg. The band gap obtained is 3.36 eV 

which is corresponding to the wavelength of 370 nm.  

Figure 6 shows the PLE spectra of glass and ZG3 

acquired at different emission wavelengths. PLE of 

glass shows no peaks at emission wavelengths 550 

and 620 nm but PLE of ZnO nanorods showed a peak 

at 381 nm when emission wavelength was monitored 

at 550 nm and broad peak centered at 388 nm when 

excitation wavelength was monitored at 620 nm. 

From the UV-v is and PLE spectra it is clear that the 

initial states for the green and orange emissions are 

lies ~0.04 and ~0.1 eV below the conduction band 

minimum. From Fig. 7 it is also clear that the 

intensity of orange emission decreased as the 

wavelength increased from 310 to 360 nm and then 

 
 

Fig. 5 — UV-v is absorption spectrum of ZnO nanorods (ZG3). 
 

 
 

Fig. 6 — PL excitation spectra of ZnO nanorods (ZG3). 
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increased for excitation wavelengths 370 and 380 nm. 

The emission intensity decreased very significantly 

for excitation wavelengths above 380 nm. This result 

indicates that green and orange emissions can only be 

excited for excitation wavelengths above the 

conduction band edge. 

As far as the initial and final states responsible for 

the orange emission are concerned, it is believed that 

the initial states are either conduction band or zinc 

interstitials and the final state is oxygen interstitial2, 4, 10-

11,14. It was already revealed by many theoretical and 

experimental results that Zni is a shallow donor and the 

corresponding defect level will be located 0.22 eV 

below the conduction band edge12,15. However, there 

are other defects which can also introduce a level 

slightly below the conduction band edge and hydrogen 

defects is one such kind and it also introduces a defect 

level which is 0.05 eV below conduction band 

minimum1. From UV-v is and PLE results, it is clear 

that the defect levels for green and orange emissions 

are lies 0.04 and 0.1 eV below the conduction band. 

Moreover, formation of Zni defects requires high 

formation energy and hence there is a less possibility of 

formation of defect levels due to Zni below 0.05 eV16. 

However, the defects related to hydrogen and oxygen 

are easily formed in the hydrothermally grown ZnO 

nanorods and contribute to the visible emissions1. 

These results indicate that Zni defect level is not the 

initial state for green and orange emissions observed in 

this study. Hence, we believe that hydrogen related 

defects could be the initial levels which lie just below 

conduction band minimum.  

On the other hand, oxygen interstitial defect has 

been considered as the final state responsible for the 

orange emission. As a matter of fact, oxygen 

interstitial defect introduces states in the lower part of 

the band gap that can accept two electrons. These 

states are derived from the oxygen p-orbital’s and 

results in the deep acceptors which lies 0.79 or 1.59 

eV above the valence band maximum15,17. In this 

study, the orange emission is observed at 620 nm  

(~ 2 eV) and the excitation wavelength dependent PL 

and PLE spectra shows the initial state responsible for 

the orange emission leis 0.1 eV below the conduction 

band. Hence the position of defect level (final state) 

responsible for the orange emission should be 

positioned 2.1 eV (2+0.1 eV) below the conduction 

band minimum. The band gap of ZnO nanorods in 

this study is 3.36 eV and oxygen interstitial level 

should be either 0.79 or 1.59 eV above the valance 

band maximum12. Moreover, the formation energy for 

the formation of oxygen interstitials is very high and 

hence there is less possibility for the formation of 

oxygen interstitial defects. On the other side, 

formation of hydrogen related defects in ZnO 

nanorods grown hydrothermally is certain. Hence the 

oxygen interstitial as a final level for the orange 

emission may be neglected. However, according to 

the PL and PLE results in this study, the defect level 

responsible for orange emission should be positioned 

at 2.1 eV below the conduction band minimum. It is 

well established that singly ionized oxygen vacancies 

forms a defect level which is 2 eV below the 

conduction band15,18. It is also reported that oxygen 

related defects increase in the nanorods of larger 

diameter12 and we have observed maximum intensity 

for orange emission in larger diameter nanorods. 

Amin et al. in their recent study attributed emission at 

around 2 eV to the oxygen vacancies8. Hence, it may 

be concluded that the final state responsible for the 

orange emission could be defect level due to oxygen 

vacancies. Moreover, it can also be evident from these 

results that orange and green emissions can be 

effectively excited with excitation wavelengths above 

the band gap. Finally, based on our results it may be 

concluded that the initial and final states responsible 

for orange emission are defect levels due to hydrogen 

donors and oxygen vacancies respectively.  
 

4 Conclusions 

The structural and PL properties of ZnO nanorods 

of different aspect ratio were studied. ZnO nanorods 

showed strong and broad orange emission positioned 

 
 

Fig. 7 — PL spectra of ZnO nanorods at different excitation 

wavelengths. 
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at 620 nm. It is observed that intensity of orange 

emission increased as the diameter of nanorods 

increase and larger diameter nanorods showed highest 

intensity. The initial and final states responsible for 

the orange emission are studied using UV-vis, PL, 

PLE and excitation wavelength dependent PL analysis 

of the samples. These results indicates that orange 

emission is due to the transition of an electron from a 

state which is positioned at around 0.05 eV below the 

conduction band to the defect level of singly ionized 

oxygen vacancies. Excitation wavelength dependent 

PL results showed that green emission and orange 

emissions can only be excited effectively at an 

excitation wavelengths near the conduction band edge 

and intensity decreased below and beyond the 

excitation energies. 
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