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Abstract 

In this study, we report on the synthesis optimization of NiO thin film to grow 

preferentially along the (111) direction. The x-ray diffraction (XRD) pattern 

revealed that the NiO film with 200 nm thickness annealed at 600 oC temperature 

has the best preferential orientation along the (111) direction. Also, atomic force 

microscope (AFM) images show that the grain size of NiO increases at higher 

temperatures. Then, ZnO nanorods were grown on the NiO thin film with 100, 200 

and 300 nm thickness grown at 600 oC. The XRD pattern and scanning electron 

microscope (SEM) images indicate that the well aligned ZnO nanorods with 

hexagonal face have a preferential orientation along the c-axis (002). The current-

voltage measurements of the n-ZnO nanorods/p-NiO heterojunctions showed a 

clear rectifying behavior for all diodes. The threshold voltage of the 

heterojunctions was increased by increasing the thickness of the NiO thin film 

which was attributed to the increasing of the series resistance (Rs) of the diodes.  

Keywords: NiO thin film, ZnO nanorods, Heterojunction, Electrical properties 
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1. Introduction 

     Recently, zinc oxide (ZnO) has attracted a great deal of attention due to its wide 

direct band gap (3.37 eV) and relatively large exciton binding energy (60 meV) 

and because of these unique properties, ZnO has been recognized as a promising 

material for the optoelectronic devices [1,2]. Specially one dimensional ZnO 

nanostructures are well known for a variety of attractive properties and have been 

used successfully in different optoelectronic devices and UV photo detectors [3, 4]. 

Due to instability and low carrier concentration and mobility of holes in ZnO, p-

type ZnO based nanodevices are still in challenge [1]. To realize the ZnO-based p-

n heterojunctions, some researchers have grown n-ZnO nanostructures on other p-

type substrates such as GaN [5-7], SiC [8, 9], GaAs [10, 11], Si [12]. Because of 

the similarity between the hexagonal and the cubic crystal forms, good lattice 

matching conditions may be expected if the cubic lattice edge is √2 times the 

hexagonal lattice constant (a-axis) and the c-axis is grown perpendicular to the 

(111) plane [13]. Since NiO thin film has relatively stable p-type semiconductor 

characteristics, wide direct band gap (3.7 eV) and cubic structure, n-ZnO/p-NiO 

heterojunctions have been reported as a suitable p-n heterojunction for fabricate the 

UV detector [14-16]. Sputtering, chemical vapour deposition and thermal 

evaporation methods have been used to synthesis NiO thin films [17-19]. 

According to the best of our knowledge, few researchers have used thermal 

evaporation method to synthesis NiO thin film [19] and there have been no detailed 

investigations reported about the optimization of the preferential orientation 

growth and the effect of NiO film thickness on the electrical properties of the ZnO 

nanorods/p-NiO heterojunction.   

     In this study, we have optimized the NiO thin film synthesized via thermal 

evaporation method and then fabricated and characteriezed n-ZnO nanorods/p-NiO 
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heterojunction using the optimized NiO thin film. In addition, we have investigated 

the effect of the NiO film thickness on the electrical properties of n-ZnO 

nanorods/p-NiO heterojunction. The devices were characterized by the X-ray 

diffraction (XRD), atomic force microscope (AFM), field emission scanning 

electron microscope (FESEM), UV-visible spectroscopy (UV-vis) and 

semiconductor parameter analyzer. 

2. Experimental method 

       Commercially available p type Si substrate was used in this study and all 

chemicals were purchased from Sigma Aldrich with high purification. First, Ni 

film with different thickness (100, 200 and 300 nm) was deposited by thermal 

evaporation in a vacuum chamber with a pressure of 2×10-6 mbar on the Si 

substrates. Then to oxidize the Ni films, the substrates were annealed in oxygen 

ambient at a temperature of 400-1000 oC for several hours. The prepared substrates 

were spin coated few times with a seed solution of ZnO nanoparticles [20] to 

obtain a uniform growth and then were annealed at 120 oC for 20 min. For the 

growth of ZnO nanorods, an equimolar concentration of hexamethylenetetramine 

(HMT) and zinc nitrate hexahydrate solutions (0.075 M) were separately prepared 

and mixed together. Then the final solution was poured in a beaker and the pre-

treated substrates were immersed in the solution with the growth side facing 

downward. Then the beaker was sealed and heated in a laboratory oven at 95 oC for 

5 hours and after that was allowed to cool down to room temperature. After the 

growth process, the samples were rinsed with deionized water in order to remove 

the residual salts and dried with nitrogen blow. For devices processing, an 

insulating layer of Shipley 1805 photo resist (Marlborough, Ma, USA) was coated 

to fill the vacant spaces between the nanorods. Reactive ion etching with oxygen 

plasma was used to expose the tips of ZnO nanorods before the deposition of Al 
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top ohmic contact. The Ag was deposit by thermal evaporation method as bottom 

ohmic contact for p-NiO.  

3. Results and discussion  

 

3.1.  Structural and morphological properties of  NiO thin films  

    First, Ni was deposited on the Si substrate with 200 nm thicknesses and then 

annealed in oxygen ambient at different temperatures (400–1000 oC) to get the NiO 

thin film. The XRD pattern of samples is shown in Fig. 1(a). These patterns display 

diffraction peaks that correspond to the NiO cubic structure (JCPDS No. 01-1239). 

The lattice parameters and texture coefficient (TC) that represents the preferential 

crystallite orientation are given in Table 1. TC is defined by the following equation 

[21]: 

0

0

( )

( )
( ) 100

( )

( )

I hkl

I hkl
TC hkl

I hkl

I hkl

 


 

Where I(hkl) and I0(hkl) are the measured and standard relative intensities of 

different peaks, respectively. It is to be noted that the patterns have preferential 

orientation along the (111) direction by increasing the temperature up to 800 oC but 

at higher temperature the sample doesn’t have special preferential orientation. The 

grown NiO film at 600 oC has the best preferential orientation along the (111) 

direction. In the second step, Ni was deposited with 100, 200 and 300 nm thickness 

and annealed at 600 oC. Fig. 1(b) shows the XRD pattern for these samples. It can 

be seen that the preferential orientation takes place along the (111) direction by 

increasing the thickness up to 200 nm but preferentiality is vanished by increasing 

the thickness. It has been reported that the development of preferential oreintation 
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in NiO is governed by surface energy [22]. The (111) reduces the sufrce free 

energy of growing NiO film as it deposited in an oxygen rich ambient. It seems 

that at low temperature beacuse of oxygen rich ambient, NiO film might be 

controlled by the arranement of O-2, resulting in a preferential oreintation (111) 

since the (111) palne is most densely packed plane of O-2 for NiO structure. By 

increasing the temperature Ni+2 has more kinetic energy migratiing to the 

equilibrium position  which leads to decrease Ni vacancy defects and result in 

increase the (200) plane intensity that attributed to the densely packed plane of 

Ni+2. Typical AFM images of the samples with 200 nm thickness that annealed at 

different temperatures (400-1000 0C) are shown in Fig. 2. One can observe that at 

low temperatures the surface consisted of small grain with unclear grain 

boundaries but by increasing the temperature the size of grains increased and grain 

boundaries became clear.  

3.2.  Structural and morphological properties of the grown ZnO nanorods 

    Typical SEM image of the grown ZnO nanorods on the optimized NiO thin film 

is shown in Fig. 3 (a). It can be seen that relatively well aligned ZnO nanorods has 

hexagonal faces and average diameter about 100 nm. Fig. 3(b) shows the XRD 

pattern of the ZnO nanorods and as can be observed that it has achieved a 

preferential orientation along the c-axis (002) (JCPDS No. 36-1451).   

 

3.3.  Optical absorption properties 

    Fig. 4 (a, b) displays the UV-visible absorption spectra and the plot of (αhν) 2 

versus hν for ZnO nanorods and NiO thin film. The optical band gap of samples 

was measured using the following formula [23]: 
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(αhν) = A (hν - Eg)
 1/2 

Where α is an optical absorption coefficient, hν is the photon energy, A is a 

constant coefficient and Eg is the optical band gap energy. The optical band gap 

values of ZnO and NiO, obtained by extrapolation method, were 3.25 and 3.8 eV, 

respectively. According to the electron affinity (χ) of ZnO (4.35 eV) and NiO (1.46 

eV) the energy band diagram can be drown via Anderson model [13] that is shown 

in Fig. 4 (c). The conduction band and valence band offsets for p-NiO/n-ZnO were 

calculated to the 2.89 eV and 2.34 eV, respectively 

 

3.4.  Electrical properties of n-ZnO nanorods/p-NiO heterojunction  

    The schematic diagram of the n-ZnO nanorods/p-NiO heterojunction structure is 

shown in Fig. 5(a). Electrical properties of the n-ZnO nanorods/p-NiO 

heterojunctions with different NiO film thickness (100, 200 and 300 nm) were 

investigated by current-voltage (I-V) measurement. Fig. 5(b, c) shows the current-

voltage and the semi-log current density–voltage (J-V) characteristics of the 

diodes. It can be seen that all diodes show nonlinear and obvious rectifying 

behavior. The threshold voltage and leakage current under reverse bias (-5 V) for 

n-ZnO nanorods/p-NiO heterojunctions with 100 nm, 200 nm and 300 nm NiO 

thickness were 3.6 V and 1.09 mA , 4.7 V and 0.19 mA, 5 V and 0.10 mA, 

respectively. The series resistance (Rs) of the n-ZnO nanorods/p-NiO (100, 200 

and 300 nm) heterojunctions that can be obtained from the I/(dI/dV) vs. I plot was 

286.09 Ω, 365.60 Ω and 420.27 Ω, respectively, as shown in Fig. 5(d). The 

threshold voltage and Rs of heterojunctions were lower than those reported by 

Byung et al [15]. As can be observed by increasing the thickness of NiO thin film, 

the threshold voltage increased and the leakage current decreased that this 
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attributed to the increasing of the Rs. Also, the IF/IR ratio of the n-ZnO nanorods/p-

NiO (100, 200 and 300 nm) heterojunctions was 18.32, 51.84 and 21.43, 

respectively, where IF and IR is the current under forward bias (5 V) and the current 

under reverse bias (-5 V), respectively. It can be seen that n-ZnO nanorods/p-NiO 

heterojunction with 200 nm of NiO film thickness, which has better preferential 

orientation along (111) direction than other heterojunctions with 100 nm and 300 

nm of NiO film thickness, has the highest value of IF/IR ratio which is attributed to 

high quality of heterojunction. 

4. Conclusion 

           In summary, we optimized the NiO thin film synthesized via thermal 

evaporation method. The structural measurement show that the NiO thin film with 

200 nm thickness annealed at 600 oC has the best preferential orientation along the 

(111) direction. Then, ZnO nanorods were grown via hydrothermal method to 

fabricate n-ZnO nanorods/p-NiO heterojunction. The XRD pattern revealed that 

ZnO has wurtzite structure with preferential orientation along the c-axis (002). 

Also, we investigated the effect of NiO thickness on the electrical properties. 

Current-voltage measurements show that the series resistance (Rs) is enhanced by 

increasing the thickness which this led to increase the threshold voltage and 

decreased the leakage current of the diode. The n-ZnO nanorods/p-NiO 

heterojunction with 200 nm NiO film thickness has the highest value of IF/IR ratio 

(51.84) which is attributed to high quality of heterojunction.   
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Table 1. The lattice constant and texture coefficient of the grown NiO films. 

Sample a(Å) TC111(%) TC200(%) TC220(%) 

400 C, 200 nm 4.1627 46.20 36.08 17.72 

600 C , 100 nm 

             200 nm 

             300 nm 

4.1721 

4.1689 

4.1743 

44.19 

50.27 

38.70 

28.68 

33.34 

37.19 

27.13 

16.39 

24.11 

800 C, 200 nm 4.1830 48.02 36.16 15.82 

1000 C, 200 nm 4.1728 41.17 47.07 11.76 
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Fig. 1: XRD patterns of grown NiO thin films (a) with 200 nm thickness at different 

temperatures and (b) with different thickness at 600 oC. 
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Fig. 2: Atomic force microscope (AFM) 2D images of the surface of the NiO with 200 nm 

thickness annealed at (a) 400 oC, (b) 600 oC, (c) 800 oC and (d) 1000 oC. 
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Fig. 3: SEM image (a) and XRD pattern (b) of ZnO nanorods grown on the NiO film. 

 

 

 

 

 

 

 

 

 

 

 



15 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: UV-visible absorbance of ZnO (a) and NiO (b) and band diagram of p-NiO/n-ZnO 

diode(c). 
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Fig. 5: (a) schematic diagram, (b) Current-voltage, (c) semi-log current density – voltage and (d) 

I/(dI/dV) vs. I characteristic curve of the n-ZnO nanorods/p-NiO heterojunctions.  
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