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1Abstract—The effect of thermal annealing atmosphere on 

the electrical characteristics of Zinc oxide (ZnO) nanorods/p-

Silicon (Si) diodes is investigated. ZnO nanorods are grown by 

low-temperature aqueous solution growth method and 

annealed in Nitrogen and Oxygen atmosphere. As-grown and 

annealed nanorods are studied by scanning electron 

microscopy (SEM) and photoluminescence (PL) spectroscopy. 

Electrical characteristics of ZnO/Si heterojunction diodes are 

studied by current-voltage (I-V) and capacitance-voltage (C-V) 

measurements at room temperature. Improvements in 

rectifying behaviour, ideality factor, carrier concentration, and 

series resistance are observed after annealing. The ideality 

factor of 4.4 for as-grown improved to 3.8 and for Nitrogen 

and Oxygen annealed improved to 3.5 nanorods diodes. The 

series resistances decreased from 1.6 to 1.8 times after 

annealing. An overall improved behaviour is observed for 

oxygen annealed heterojunction diodes. The study suggests that 

by controlling the ZnO nanorods annealing temperatures and 

atmospheres the electronic and optoelectronic properties of 

ZnO devices can be improved.  

 

 Index Terms—ZnO annealing; Heterojunction; Series 

resistance; ZnO nanorods. 

I. INTRODUCTION 

Zinc oxide (ZnO) is a direct and wideband gap (3.37 eV) 

semiconductor with large exciton binding energy (60 meV). 

Its electronic and optoelectronic devices, such as light 

emitting diodes, sensors, thin film transistors, solar cells, 

and UV photo detectors, are widely studied [1]–[4]. 

ZnO is intrinsically n-type and obtaining p-type 

conductivity by growing high-quality p-ZnO is very 

difficult. For this reason, ZnO based p-n heterojunctions 

(HJ) are realized on a variety of substrates like Si, GaN, 

SiC, CuO2, etc. [5]–[8]. The heterojunctions of ZnO 

nanorods/Si have attracted a great deal of interest due to 

their cost effective fabrication processes. Unfortunately, 
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their electronic and optical properties are strongly 

influenced by the presence of point defects and strains 

contained in nanorods. Therefore, the growth of ZnO 

nanorods (NRs) with better optical quality is very important 

for the realization of efficient Nano devices [9]. Thermal 

treatment is a conventional and effective technique that can 

change the properties of nanorods by reducing strains and 

defects hence improving crystalline quality [10]–[13]. 

Annealing at different temperatures and atmospheres 

removes impurities and structural defects from the crystal 

lattice and improves the electronic and optoelectronic 

properties of ZnO devices. The concentration of intrinsic 

defects and defect levels may be varied by varying the 

annealing atmosphere. The intrinsic defects, such as oxygen 

vacancies, may also be reduced by high temperature 

annealing in O2 or Argon (Ar) [11]. Therefore, electrical 

and optical properties of ZnO/Si heterojunction may be 

modulated by controlling the ZnO nanorods growth 

temperature, annealing temperature, and atmosphere [9], 

[14].  

In a recent study, a reduction in native defects at the 

surface is reported for ZnO nanoparticles annealed at 

various temperatures [15]. Similarly, significant 

improvements in ideality factor, rectification ratio, and 

reverse breakdown voltage are observed in ZnO/Si 

heterojunctions annealed in Nitrogen (N2) atmosphere [10], 

[16]. Furthermore, better rectification is achieved for ZnO 

Schottky diode with seed layer pre-annealed in N2 [17]. The 

interface between the ZnO NRs and Si is reported to be 

improved after annealing in Oxygen (O2). Decreased reverse 

current and improved rectification are observed for diodes 

of O2 annealed nanorods [13]. Similarly, a substantial 

enhancement in optical and structural properties is seen after 

annealing in Ar and O2 atmospheres [18]. Y. Tu et al. have 

reported optimized performance with increased carrier 

concentration observed in ZnO nanorods diodes with 

hydrothermal seed layer pre-annealed in various 
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atmospheres [12]. Likewise, improved diode performance is 

observed for ZnO nanorods annealed at 450 oC and under 

different annealing conditions [15], [19]. 

In the present study, ZnO nanorods are grown on p-Si 

substrate by aqueous chemical growth technique (ACG). 

Post growth thermal annealing of ZnO nanorods is done at 

400 oC in O2 and N2 atmosphere. Structural characteristics 

are studied with scanning electron microscopy (SEM) and 

photoluminescence (PL) spectroscopy. Electrical 

characteristics are studied by current-voltage (I-V) and 

capacitance-voltage (C-V) measurements. The effects of 

thermal annealing atmospheres on various diode parameters, 

such as rectification factor, ideality factor, and series 

resistance, are discussed. 

II. MATERIALS AND METHODS 

ZnO nanorods were grown on p-Si substrate by aqueous 

chemical growth (ACG) method [20], [21]. The seed 

solution, prepared by diluting zinc acetate dehydrate in 

methanol, was spin coated on the substrate three times and 

then heated at 250 oC in air for 20 minutes. The growth 

solution was prepared with hexamethylenetetramine (HMT) 

(C6H12N4) and zinc nitrate (Zn (NO3) 26 H2O) 0.022 mM–

0.075 mM, by dissolving in 200 ml of de-ionized water at 

room temperature. The samples were dipped in the solution 

and heated for 4 hours at a temperature of 95 °C. After 

growth, the samples were washed with de-ionized water and 

blown dried with Nitrogen. The samples were then annealed 

in Nitrogen and Oxygen atmosphere at 400 oC for 30 

minutes. Before making the ohmic contacts to the 

heterojunction, an insulating layer of Poly Methyl 

Methacrylate (PMMA) was spin coated on the samples. 

Excess PMMA was removed from the top of the nanorods 

by oxygen plasma cleaning. Aluminium/Platinum (Al/Pt) 

ohmic contacts of 50 nm/60 nm thickness were evaporated 

on ZnO nanorods. Aluminium (Al) ohmic contacts of 

150 nm thickness were evaporated on p-Si substrate. The 

Area of the circular ohmic contact was 10.56 × 10-3 cm2. 

The Step by step growth process of nanorods is shown in 

Fig. 1.  

 
Fig. 1.  Step by step growth process of ZnO nanorods. 

The structures of ZnO nanorods were studied by 

JEOLJSM - 6301F scanning electron microscope (SEM). 

Photoluminescence (PL) spectroscopy was done at room 

temperature using laser lines of wavelength 270 nm or 

350 nm from an Ar+ laser as the excitation sources. 

Current-voltage (I-V) and capacitance-voltage (C-V) 

measurements were performed by using Keithley SCS-4200 

semiconductor characterization System. 

III. RESULTS AND DISCUSSION 

The morphology of nanorods was studied by scanning 

electron microscopy (SEM). Vertically aligned hexagonal 

nanorods with almost uniform distribution were revealed as 

shown in Fig. 2. The approximate height of nanorods was 

1.2 μm with a mean diameter of 100 nm–150 nm. No 

significant change was observed in the morphology of 

nanorods after thermal treatment [19], [22]. 

 

(a) 

 
(b) 

 
(c) 

Fig. 2.  SEM images of ZnO Nanorods: (a) as-grown, (b) N2 annealed, and 

(c) O2 annealed. 

Photoluminescence (PL) spectroscopy was done at room 

temperature to study the optical properties of nanorods. Two 

emission peaks were seen in the PL spectra of all the 
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samples as shown in Fig. 3. Sharp and strong peaks centered 

at wavelengths between 376 nm and 380 nm and weak 

broad peaks centered between 535 nm and 570 nm were 

observed. The sharp peaks below the wavelengths of 

380 nm are due to the intrinsic band gap emission, referred 

as near band emission (NBE) or ultraviolet (UV) emission. 

This emission is originated due to the recombination of free-

exciton across the band gap and due to zinc interstitials [23], 

[24]. The broad peaks centered between 535 nm and 570 nm 

are due to visible (VIS) emission or deep level emission 

(DLE). An overall improvement in NBE and DLE emission 

intensity has been observed. The PL intensity ratio 

IUV/IDLE depicts an overall improvement in optical 

properties of ZnO nanorods after annealing in O2 and N2 as 

shown in the inset of Fig. 3. The enhancement in NBE 

indicates the improvement in the crystallinity and reduction 

in recombination traps. However, weak DLE observed for 

O2 than N2 annealed sample might be due decrease in 

oxygen vacancies attributed to the adsorption of oxygen 

during annealing process [12]. 

 
Fig. 3.  PL spectra of as-grown, O2 and N2 annealed ZnO nanorods, inset is 

the UV/DLE peaks ratio. 

Current-voltage (I-V) characteristics of ZnO/Si HJ diodes 

fabricated from as-grown, N2 and O2 annealed nanorods 

were measured at bias voltages from -8 V to +8 V. Current-

voltage characteristics are shown in Fig. 4. All HJ diodes 

exhibited nonlinear rectifying behaviour with improvement 

in rectification factors (IF/IR) from 23 (as-grown) to 40. 1 

and 231.2 at ±5 V for N2 and O2 annealed NRs diodes, 

respectively. The highest rectification ratio for O2 annealed 

diodes indicates that the interface between ZnO and Si is 

improved after annealing in O2.  

The ideality factor (n) and barrier heights (φB) were 

extracted by using (1) and (2): 

 
 
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,

ln 1o
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n
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  
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IkT
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Here, k is the Boltzmann’s constant, Io is the saturation 

current, A is the area, and A∗ is the Richardson constant 

(32 A/cm2 K2) for n-ZnO [21]. The ideality factors 

decreased from 4.4 (As-Grown) to 3.87 and 3.52 for N2 and 

O2 annealed HJ diodes. Decrease in ideality factors of HJ 

diodes is often observed after annealing [25]. The obtained 

barrier heights were 0.74 eV, 0.74 eV, and 0.67 eV for as-

grown, N2 and O2 annealed nanorods diodes, respectively. 

Charge transport behaviour has been studied from Log I-

Log V characteristics. Three slopes corresponding to 

different conduction mechanisms were observed for each 

diode as shown in Fig. 5. For low voltage Region-I (< 

0.8 V), the current increased linearly (IαV) confirming 

ohmic transport as the dominant conduction mechanism. For 

moderate voltage range (0.8 V < V < 3 V), the current 

increased exponentially (Iα emV) in as-grown and N2 

annealed HJ diodes. This exponential increase indicate that 

the charge transport is subjected to the space-charge-effect. 

The current followed power law (IαVm) in O2 annealed 

diode. The diode behaviour is dominated by Region-II in all 

diodes and the current increased due to increased injection 

of access carriers after filling the deep traps in the band. At 

higher biasing voltages (V > 3 V) the Log I-Log V followed 

the power law (IαVm) dependence as shown in Region-III in 

Fig. 5. At higher voltages, when most of the traps are being 

occupied by injected carriers and carrier transport 

approaches the trap-filled limit, then further injection of 

carriers is hindered by the accumulated space charges.  

 
Fig. 4.  Current-voltage characteristics of ZnO/Si heterojunctions, inset are 

the IV characteristics on linear scale. 

 
Fig. 5.  Log I-Log V characteristics of ZnO/Si heterojunction diodes. 

This behaviour may be attributed to the presence of 

oxygen vacancies [26], [27]. The oxygen-defect-induced 

carrier density is one of the factors leading to the improved 

rectification of the diodes when annealed in N2 and O2 [12]. 

In fact, intrinsic oxygen vacancy-related defects are 

increased by annealing and we obtain high carrier 

concentration nanorods, which can lead to improved diode 

performance. 
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The junction capacitance increased annealing as shown in 

the capacitance-voltage (C-V) characteristics measured at 

the frequency of 1 MHz at room temperature in Fig. 6(a). 

This increase in capacitance may be attributed to the change 

in depletion region width and carrier concentration due to 

annealing [10]. 

The carrier concentrations (Nd) were extracted from the 

slope of the linear segment of the curve shown in Fig. 6(b) 

by using (3) 

 
2 2

2 1
.

( / ) S o d

dV

q Nd A C  
   (3) 

Here, εS is the relative permittivity of ZnO having a value 

of 8.2. The carrier concentrations increased from 7.06 × 1012 

(as-grown) to 9.4 × 1012 and 1.25 × 1013 /cm3 for O2 and N2 

annealed nanorods. For ZnO, this unintentional n-type 

doping is attributed to oxygen vacancies which act as donor 

like native point defects. The improvement in Nd might be 

due to the creation of Zn interstitial related donor type 

defects and increased hydrogen concentration due to 

annealing [28], [29]. The built in potentials obtained from 

Fig. 6(b) are 1.0 V, 1.2 V, and 0.8 V for as-grown, N2 and 

O2 annealed heterojunctions, respectively.  

At high forward voltages, the I-V characteristics of 

heterojunctions follow power law as shown in Region-III in 

Fig. 5. This deviation from linearity is due to the presence of 

interface states and series resistance. The high values of 

ideality factor are also attributed to barrier inhomogeneity, 

series resistance, and defects at the junction. Series 

resistance is an important parameter which plays a crucial 

role and affects the device behaviour.  

The effect of the annealing atmosphere on series 

resistance has been investigated. Series resistance has been 

extracted by the method proposed by Chueng [20], [30] 

given by (4) 

 .
(ln )

S

dV nkT
R I

d I q
   (4) 

Series resistance and ideality factor are obtained from the 

linear fitting of the curve of dV/d(lnI) vs. current as shown 

in Fig. 7(a). Furthermore, the series resistance and barrier 

height are extracted by using (5) and (6): 
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Series resistances and barrier heights are obtained from 

the slope of the H(I) vs. current plots as shown in Fig. 7(b). 

It can be seen that the values of series resistance obtained 

from direct method (ΔV/ΔI) and Chueng’s method are in 

close agreement with each other as listed in Table I and 

shown in Fig. 8. It is also observed that series resistances 

decreased after annealing and lowest values of series 

resistances are obtained for diodes annealed in O2 

atmosphere. This decrease in series resistance often 

observed after annealing is sometimes attributed to excess 

zinc contents or higher level of oxygen vacancies [31]–[33]. 

 
(a) 

 
(b) 

Fig. 6.  (a) Capacitance-voltage (C-V) characteristics; (b) 1/C2 vs. V 

characteristics at the frequency of 1 MHz. 

 
(a) 

 
(b) 

Fig. 7.  (a) dV/dLn(I) vs. forward current characteristics; (b) H(I) vs. 

forward current characteristics. 
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TABLE I. EXTRACTED PARAMETERS OF ZNO/SI HETEROJUNCTION DIODES. 

 

Rectification Ratio 

(IF/IR) 

@ ±5V 

Series Resistance (Rs) 

(KΩ) 
Ideality factor 

Barrier height 

(V) 

Carrier Concentration 

(/cm3) 

ΔV/ΔI 
dV/dln(I

) 
H(I) I-V 

dV/dLn(

I) 
I-V H(I)  

As-Grown 23.1 1.44 1.93 1.83 4.40 5.4 0.75 0.56 7.8 × 1012 

N2 Annealed 40.1 0.87 1.09 1.03 3.87 8.0 0.75 0.67 1.2 × 1013 

O2 Annealed 231.2 0.98 1.05 1.02 3.53 5.0 0.67 0.73 9.4 × 1012 

 

 
Fig. 8.  Comparison of series resistances obtained from conventional 

method and from Chueng Function. 

Low series resistance and improved doping 

concentrations are the factors responsible for majority 

carrier’s injection under forward bias and improving the 

rectification factor of N2 and O2 annealed ZnO/Si HJ diodes. 

IV. CONCLUSIONS 

The effects of nitrogen and oxygen annealing atmosphere 

have been investigated on the diode characteristics of ZnO 

nanorods/Si heterojunction. The photoluminescence results 

indicated an improvement in their optical quality after 

annealing treatment. The ratio of NBE to DLE emissions 

was greatly increased after the annealing processes. Their 

heterojunctions diodes exhibited an improvement in 

rectification factor with decreased series resistances. The 

series resistances decreased from 1.5 to 1.8 times after 

annealing. The reported study suggests that ZnO nanorods 

annealed in O2 atmosphere may prove to be promising for 

the realization of more efficient electronic devices, such as 

solar cells, photodetectors, and heterojunctions.  
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