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ABSTRACT: 

The structure of pure and Al doped ZnO (AZO) nanorods (NRs) has been studied. A post annealing procedure in 

oxygen ambience at 400ْC were used in order to improve crystallinity of both group of samples. The XRD patterns 

illustrate that the Al doped ZnO NRs were successfully synthesized using our method. Then, the field emission 

properties of the as grown NRs before and after annealing process were evaluated by our home-made setup. 

Experimental results show that Al density in ZnO NRs directly affects FE properties of these samples. The oxygen 

post annealing process leads to a significant improvement in the field emission performances of pristine and doped 

ZnO NRs including considerably lower turn on voltage, and higher emission current.  
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1.  INTRODUCTION 

Field emission effect plays an important role in high 

sensitivity gas and pressure sensing[1], flat panel 

displays[2], [3] and telecommunication devices such as 

compact microwave amplifiers[4]. In this manner, the 

understanding of the field emission that occurs in the 

electronic and communication devices like RF-MEMS 

switches is a very important issue[5], [6]. Exponential 

relationship between voltage and current in field 

emission mechanism results in high-precision 

measurements[7]. Therefore, it can be used for high 

accuracy detection of low concentrations gases. The 

use of field emission method is more attractive for gas 

sensing because of high-speed amenability and its low 

power consumption[8]. Turn-on field (   ), threshold 

field (   ), emission current density, field screening 

effect and field enhancement factor ( ) are the main 

factors that determine field emission performance of 

materials[9]. In this manner, ZnO is a promising 

candidate for the acutely effective cathode emitters due 

to its chemical stability and its high device packaging 

density[10]. In order to achieve an excellent FE 

performance from ZnO NRs array, the array’s 

resistance, work function through the energy band 

binding and the quality of metal contact are 

important[11]. Therefore, ZnO doping with Aluminum 

and a post annealing procedure in oxygen ambience can 

positively affect the FE properties of ZnO 

nanostructures[12]. This method adjusts internal 

bandgap of nanostructure and its carrier 

concentration[12]. 

In this paper, the morphology of the as grown ZnO 

arrays were investigated using top view and cross-

sectional view FESEM images. The crystalline quality 

of all the samples was investigated using X-ray 

diffraction method. Finally, the IV curves and field 

emission responses were measured by Keithley-K361 

parameter analyzer in a vacuum chamber (      Pa) at 

room temperature to determine the effect of doping 

process and oxygen annealing on the enhancement of 

Fermi level and reduction of the work function.  

 

2.  MATERIALS AND METHODS 

In order to investigate the ZnO NRs' field emission 

properties, different percentages of Al were doped into 

ZnO NRs. For this purpose,         glass 

substrates were purified by sonicating in acetone, 

ethanol, and de-ionized (DI) water. The glass substrates 

were utilized for strong insolating and the growth of 

Al-doped NRs. Then, 250 nm layer of titanium and 350 

nm-thick layer of gold were consecutively deposited on 

the purified glass substrate by radio frequency (RF) 

plasma sputtering. The titanium thin film layer was 

used as an adhesive layer to improve interfacial 

bonding between the glass substrate and the gold thin 

film. After that, 200nm thickness of 2% Aluminum- 

doped ZnO (AZO) seed layer was deposited on the Au 

layer by RF sputtering system (Fig.1). In the next step, 
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in order to grow the ZnO NRs using chemical bath 

deposition, the sample was suspended face down in the 

nutrient solution. The nutrient solution (100ml) made 

up of an equimolar (1:1) of zinc nitrate hexahydrate 

powder (Zn(NO3)2·6H2O, Merck, Germany) and 

hexamethylenetetramine powder (HMTA, C6H12N4, 

Merck, Germany). The doping precursor, aluminum 

nitrate nonahydrate powder (Al(NO3)3.9(H2O), 

Merck, Germany), was added to the solution by varying 

the atomic ratio of Al to Zn between 1  to 4%. The 

process lasted 6 hours at 90 . After the growth, ZnO 

NRs were formed vertically on the substrate with an 

average height of 2.9(          A post annealing 

procedure in oxygen ambience at 400ْ  for 20 

minutes was used in order to improve crystallinity of 

both group of samples. The morphology of the as 

grown NRs was monitored using field emission 

scanning electron microscope (FESEM, HITACHI S-

4160). In addition, X-ray diffraction (XRD) by Philips 

Xpert, with Cu-Ka radiation (λ=0.15418 nm) was 

performed to explore the effects of doping 

concentration on the crystallinity of ZnO NRs. The as-

synthesized products were also characterized by 

transmission electron microscopy (TEM, JEM-2010-

JEOL, Japan, 400 kV). The field emission studies were 

carried out in a chamber in a vacuum of ~1.33 Pa at 

room temperature. The annealing step was executed in 

a tube furnace with oxygen gas flow rate of 70 sccm at 

the pressure of ~1 bar, annealing temperature of 400 

°C, and 1 h duration. The cathode was the as grown 

pure ZnO NRs and the oxygen annealed ZnO NRs. 

Metal anode with diameter of 6 mm was then placed on 

top of the sample surface. For the field emission 

measurement, the separation between the anode and the 

cathode was fixed at 120 μm. After evacuating the 

chamber, an external voltage with ascending magnitude 

is applied to the anode and the resulting emission 

current was measured using a Keithley-K361 parameter 

analyzer. The testing electric field (E) was estimated by 

dividing the applied voltage (V) by the anode–cathode 

distance (V/d). The emission current density (J) was 

calculated from the obtained emission current. The 

emission current–voltage characteristics were analyzed 

by using the Fowler–Nordheim (FN) equation. 

 
Fig. 1. Schematic diagram of AZO/Au deposition on 

the glass substrate for manufacturing electrode 

3.  RESULT AND DISCUSSIONS 

This study show the effect of doping and post 

annealing process on the FE behavior of ZnO NRs. The 

experiments were performed by changing the 

percentage of Al element in ZnO NRs and post 

annealing procedure in oxygen ambience at different 

temperatures.  

 

3.1.  Structure and morphology 

Pure ZnO NRs have undeviating shapes and similar 

diameters as indicated in TEM image of a generic ZnO 

NR (Fig.2).  

 

 
Fig. 2. TEM image of a typical ZnO NR 

 

 

 

 

Fig. 3. Top view and cross-sectional view SEM images 

of ZnO nanostructures with (a) 1% Al; (b) 3% Al; (c) 

4% Al. 

http://avogadro.chem.iastate.edu/MSDS/Al%28NO3%293-9H2O.htm
http://avogadro.chem.iastate.edu/MSDS/Al%28NO3%293-9H2O.htm
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As illustrated in Fig.3. the remarkable changes were 

occurred in the morphology of the Al doped ZnO 

materials, because increasing Al percentage in ZnO 

NRs from 1 to 4% causes an increase in the diameters 

of the nanostructures.  

As shown in Fig.3. (d), doping of ZnO NRs with 6% Al 

notably disturbed the vertical growth of NRs along the 

c-axis normal to the substrate and converted them into 

the ZnO nano plates. 

It can be seen in Fig. 3 that the polar orientation growth 

(c-axis) was changed and the average diameters were 

rose up in the high concentration Al (OH)4 sample. Fig. 

4. Illustrates that the XRD curves of pure ZnO NRs and 

Al-doped ZnO NRs doped with 1% Al; 3% Al; 4% Al. 

This figure indicates that the single-crystal NRs have 

successfully grown at the low temperature (85-90 ° C). 

Furthermore, X-ray diffraction peaks of Al-doped 

samples do not show significant changes in location 

relative to pure ZnO NRs. This means that the lattice 

parameters of doped samples have not changed and 

they have the same wurtzite structure and no trace of 

aluminum nitrate or its composites can be detected in 

these results[13]. 

 

 
 

 

 
Fig. 4. The X-ray diffraction spectra of ZnO NRs with 

different percentage of Al doping 

 

3.2.  Field emission characteristics 

It was established that the emission effect occurs from 

small regions called emission centers. The size of these 

emission centers are about 4–5 nm and their numbers 

and arrangements can vary widely[14]. The emission 

maxima clearly corresponds to the morphology pits 

(grain boundaries). These emission centers are often 

associated to regions with reduced value of work 

function which occurred on top of the grains. 

The schematic diagram of our field emission 

measurement setup is shown in Fig. 5. The experiment 

was accomplished by applying a negative voltage to the 

Au thin film with respect to the anode plate. Anode is a 

parallel plate on top of the sample and can move 

accurately by a micrometric mechanical stage. 

Effective area in the field emission measurement was 

about 0.3     while the anode–cathode spacing was 

fixed at about 250μm. After evacuating the chamber, an 

external voltage with ascending magnitude is applied to 

the anode and the resulted emission current was 

measured using a Keithley-K361 parameter analyzer. 

  

 
Fig. 5. The schematic of the setup used for the field 

emission investigation. The sample is fixed on the 

bottom plate and connected to the negative voltage 

source. The anode is a movable plate on top of the 

sample, with a positive bias voltage. 

http://avogadro.chem.iastate.edu/MSDS/Al%28NO3%293-9H2O.htm
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The current density versus applied field (J-E) curves of 

Al doped and pure ZnO NRs before and after oxygen 

annealing are demonstrated in Fig. 6. As it can be seen, 

the field emission properties improve due to the oxygen 

annealing. This effect is mainly attributed to the fact 

that oxygen annealing improves the crystal structure of 

ZnO NRs and compensates the structural defects of 

them[15]. Furthermore, the field emission current of 

the NRs is increased with the Al-doping of the NRs 

because of the fact that Fermi level shifts up with the 

increased Al doping concentration in ZnO NRs which 

results in reduction of the work function. In 

consequence, the turn-on field (   ) and the threshold 

field (   ) are lowered with the increasing doping 

concentration.    
 and    

 are specified as the 

macroscopic fields required to produce a current 

density of 1 μA/cm2 and 1 mA/cm2, respectively. The 

variation of field emission properties in NRs can be 

explained easily by the classic Fowler–Nordheim (F–

N) law[16],[17]: 

 

  (
 

  
)      

 

 
 

(1) 

             
  

 
   

          
 
  

 
  

(2) 

Where   is the field enhancement factor, I is the 

emission current, V is the applied voltage,   is the 

work function of the emitters,    (  
   is the emission 

area and d(cm) is the distance between the electrodes. 

The linearity of this plot indicates the exponential field 

emission behavior. 

According to the F–N theory, the emission current is 

governed by the work function of the material, the 

applied field and the field enhancement factor. In order 

to describe the emitted current (J) of a single emitter 

over a wide range of the local field at the emitter 

surface (E) as follows[17]:  

 

           
 

 
 

(3) 

Where d is the inter-electrode distance, V is the applied 

voltage and β (the field enhancement factor) quantifies 

the ability of the emitter to amplify the E. We have 

used the following simplified F–N formula proposed by 

Gadzuk and Plummer[18]: 

 

   
      

   

 
   ( 

     

      

) 
(4) 

 

Where φ is the work function for electron emission, , A 

and B are defined constants (A = 1.56 × 

     (    eV) and B = 6.83 ×     (V           )) 

and β is introduced to reveal the degree of the field 

emission enhancement of any tip over a flat 

surface[19]. The logarithmic equivalent of Eq. (4) is 

called a Fowler–Nordheim (FN) plot. The linearity of 

this plot indicates the exponential field emission 

behavior. 

The field enhancement factor can be calculated from 

the slope of the F–N plots, assuming the work function 

of ZnO is 5.3 eV[20]. Based on fig. 6, the field 

enhancement factor β were estimated to be 761, 840 

and 951 for the ZnO NRs doped with 1% Al, 3% Al, 

4% Al, respectively before their annealing process. It 

can be estimated from fig. 6 that the turn on field for 

the samples before annealing decreases in as 0.946, 

0.88 and 0.7 V/μm with increasing the Al-doping of the 

NRs. After oxygen annealing process, the field 

enhancement factor β were changed to 861, 973 and 

968 for the samples with 1% Al, 3% Al, 4% Al, 

respectively. Hence, the estimated high β and low turn-

on field indicate that the oxygen annealed Al-doped 

ZnO NRs are excellent field emitters. As it is shown in 

magnified region of fig. 6, field enhancement factor 

and turn-on field are not allocated to pure ZnO NRs 

due to their low field emission current. 

 
Fig. 6. Field electron emission properties of (a) pure 

ZnO (b) pure ZnO after    annealing and Al-doped 

ZnO nanorods deposited at (c) 1 wt.%, (d) 1 wt.% after 

   annealing , (e) 3 wt.%, (f) 3 wt.% after    

annealing. (g) 4 wt.%, (h) 4 wt.% after    annealing. 
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Table 1. The effect of the Al doping concentration and 

oxygen annealing on Field emission properties of ZnO 

NRs 

Samples 0 

wt% 

1 wt% 3 wt% 4 wt% 

    
(      

(before annealing) 

----- 0.902 0.726 0.692 

    
(      

(after annealing) 

----- 0.792 0.638 0.612 

Mean diameter 

2r (nm) 

94 98 114 137 

Mean height 

h (μm) 

2.8 2.2 2.59 2.3 

  5.3 4.11 4.06 3.96 

 (before 

annealing) 

----- 772 850 962.7 

  (after annealing) ----- 861 973 968 

 

4.  CONCLUSION 

In summary, we synthesized Al doped ZnO NRs and 

characterized their field emission properties. In 

addition, we studied the effect of post annealing 

process on the field emission characteristics of pure and 

doped ZnO NRs. Our results suggests that the field 

emission properties improve with the increased Al 

doping concentration in ZnO NRs. The field 

enhancement factor   is enhanced by  25 % through 4 

wt% Al doping. The field emission properties can be 

further improved by annealing in oxygen environment. 

Oxygen annealing modified the crystal structure of 

ZnO NRs and improves their field emission properties. 

Therefore, the 4 wt% Al doped sample with oxygen 

post annealing demonstrates the best field emission 

performance. 
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