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Abstract. ZnO nanorod array/p+-Si vertical heterojunction diodes, in which the ZnO 

nanorods have been grown by electrodeposition onto a FTO/glass substrate, have been 

fabricated by the direct-bonding technique. The heterojunction diode device showed a 

very good rectifying behavior with a rectification ratio of the forward-to-reverse bias 

current as ca. 2.5x104 at a voltage of ±10 V. The I-V characteristic was examined in the 

framework of the thermionic emission model. The obtained ideality factor and the 

barrier height values of the diode are 2.8 and 0.85 eV, respectively. The conduction 

mechanisms have been investigated from I-V characteristics as well.     
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1. INTRODUCTION 

Zinc oxide (ZnO), a direct wide bandgap semiconductor (Eg=3.37 eV), is 

considered a promising electronic material for optoelectronic devices, solar cells and for 

the next generation of UV light emitting diodes because it has a large exciton binding 

energy (~60 meV), which allows efficient excitonic emission at room temperature [1-3]. 

Moreover, its nanostructures have attracted great attention as a promising functional 

material. Among the various ZnO nanostructures, well-aligned nanorod (NR) and 

nanowire arrays have been extensively explored due to their good physical properties 

[4-8]. In fact, these structures have high aspect ratio and a high surface area, and can 

provide a direct conduction path for electrons [5]. The charge carrier transport and 

collection in nanowires is expected to be improved with respect to the two dimensional 

planar layer owing to their very high crystalline quality [9]. In addition, ZnO nanowires 

have excellent electron transport capabilities resulting from internal electrical fields in 

the direction of the c-axis of wurtzite crystals [5]. ZnO with a wurzite structure is 

naturally an n-type semiconductor because deviation from stoichiometry due to the 

presence of intrinsic defects such as oxygen vacancies (VO) and zinc interstitials (Zni) 

[10]. Consequently, as-grown ZnO exhibits always an n-type electrical conductivity, 

due to these native defects. On the other hand, a reproducible method to grow p-type 

ZnO films and nanostructures, necessary for fabrication of ZnO p-n homojunctions, is 

still a challenge due to several reasons such as deep acceptor levels, low solubility of the 

dopants, and the self-compensation process [4,11-13]. So, for the moment, reproducible 

and stable p-type ZnO material with sufficiently high conductivity and carrier 

concentration is still in a development phase. Though some ZnO-based homojunction 

diodes and LEDs have been reported in the literature [4], the optoelectronic 

performances of those devices are still relatively poor and the time-dependent reliability 
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in air is controversial due to the strong self-compensation effect of p-ZnO [4,12]. For 

that reason, instead of ZnO-based homojunction devices, a number of works have been 

focused on the fabrication of heterojunction devices, by replacing p-type ZnO with 

other p-type inorganic (p-Si, p-GaN, p-NiO, p-SiC, p-Cu2O) [11,14,15], or organic 

(poly(3,4-ethylenedioxythiophene (PEDOT), poly(3-hexylthiophene-2,5-diyl) (P3HT)) 

[16-18] materials. As silicon already has a vital position in the microelectronic industry, 

heterojunctions between Si and ZnO need to be investigated [19]. Most of the studied n-

ZnO/p-Si heterojunctions are based in ZnO thin films [11,20-23]; there are only few 

reports on the n-ZnO NR arrays/p-Si heterojunction devices [15,19,24-26]. In a general 

way, those n-ZnO NR arrays/p-Si heterojunction diode structures have been prepared by 

growing the ZnO NR arrays onto p-Si substrates by different techniques (i.e.: vapor 

liquid solid [19], hydrothermal method [15], chemical vapor deposition [25], 

metalorganic chemical vapor deposition [26]), and afterwards the ohmic contacts have 

been done. In the last years, a different simple but feasible direct-bonding technique has 

been reported in diode and LED fabrications [12,27,28], in which n-ZnO NR arrays are 

first grown onto a foreign conductive substrate, and then the bonding heterojunctions 

can be easily formed by pressing the p-type semiconductor chip onto the tips of this 

ZnO NR arrays [12,27]. Then, p-n heterojunction structures and electrodes can be 

formed without using hard and complex procedures (i.e.: lithography and reactive ion 

etching), thus simplifying the device packaging [12]. In fact, by using this novel 

technique, very promising and encouraging results have been obtained in n-ZnO NR/p-

GaN [12] and n-ZnO NR/p-Si [27] light-emitting diodes. In the last reported literature 

case, ZnO NR arrays have been fabricated by a vapor-phase transport technique [27], 

and in general the fabrication processes mostly involve relatively high temperature and 

high cost growth methods [25,26]. Therefore, in order to realize more extensive 
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applications of n-ZnO NR arrays based diodes and LEDs, low-temperature, low-cost 

and controllable processing procedure should be developed [14]. In this sense, 

electrochemical deposition has been proved to be a simple, low temperature, and cost-

effective large-area deposition technique for thin films and nanostructured 

semiconductor materials [29-32]. As the electrochemical method would naturally 

provide a good electrical contact between NR arrays and the conductive substrate, hence 

offers a convenient starting point for a variety of interesting optoelectronic applications 

at the nanoscale level [33]. Moreover, electrochemical growth procedure produces 

highly crystalline (single crystalline) nanowires/nanorods of excellent electronic quality 

[6,7,34,35]. Related to zinc oxide material, electrodeposition allows an excellent control 

of ZnO nanostructure morphology and size (i.e.: aspect ratio). This could be achieved 

by playing on different deposition parameters such as: the precursor’s concentration, the 

electrolytic bath temperature, the applied potential and the charge passed during 

electrodeposition [1,34].  

In the present work, vertical heterojunction contact diodes composed of 

electrodeposited vertically aligned n-ZnO NR arrays and p+-Si using the direct-bonding 

technique are fabricated and characterized. The as-grown ZnO NRs were investigated in 

terms of their morphological and structural properties. Moreover, the electrical 

performance of the resulting heterojunction diodes was systematically investigated 

through the current-voltage (I-V) measurements.       
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2.  EXPERIMENTAL DETAILS 

Synthesis of ZnO nanorod arrays. 

ZnO nanorod arrays were grown by the electrochemical deposition method from 

a 0.5 mM zinc chloride aqueous solution maintained at 70 oC. For supporting 

electrolyte, 0.1 M potassium chloride was employed to ensure a good electrical 

conductivity in the aqueous solution (Milli-Q quality water, 18 MΩ.cm). The pH of the 

solution was initially adjusted to 6.8. The ZnO nanorods were grown onto transparent 

electrode substrates, consisting of glass plates with a conductive thin film of fluorine-

doped tin oxide (SnO2:F, FTO) on one side (Nippon Sheets, sheet resistance of about 

10-30 Ω/□). The electrodeposition was performed in a conventional three-electrode 

electrochemical cell with the substrate as the cathode, a platinum sheet as the counter 

electrode and a saturated calomel electrode (SCE) as the reference one. 

Electrodeposition was carried out potentiostatically at -1.414 V vs. saturated mercury-

mercurous sulfate reference electrode (SMSE) by using an Autolab PGSTAT30 

potentiostat/galvanostat. The electrolyte was saturated with pure molecular oxygen by 

bubbling for 45 min prior to start the electrodeposition and continuously during of the 

growth process. The electrochemical deposition time was 7200 s. After 

electrodeposition, the ZnO NR arrays/FTO/glass substrate samples were thoroughly and 

carefully rinsed with DI water to remove un-reacted products from the surface and dried 

under a moderate air flux.   

 

Morphological and structural characterization of ZnO nanorod arrays. 

Field-emission scanning electron microscopy (FE-SEM) pictures of the ZnO NR 

arrays were obtained on a Helios Nanolab 650 Dual Beam from FEI company 

equipment.  
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Transmission electron microscopy (TEM), high transmission electron 

microscopy (HTEM), and selected area electron diffraction (SAED) have been carried 

out with a Philips CM-200 microscope operated at 200 kV. Specimens for TEM were 

prepared by removing the electrodeposited NR array by grating with a scalpel, collected 

and ultrasonically dispersed in 1 ml of ethanol. A small drop of the suspended solution 

was placed onto a porous carbon film supported on a TEM nickel grid, and was dried in 

air prior to observation.  

Structural characterization of the ZnO nanorod arrays was examined by X-ray 

diffraction (XRD) by using a Philips X´Pert PRO MPD diffractometer at the low angle 

configuration using CuKα radiation (with a Ge(220) hybrid primary monochromator). 

The accelerating voltage was set at 45 kV with a 35 mA flux. Measurements have been 

done at an omega angle of 0.8o.  

 

Fabrication of ZnO nanorod arrays/p+-Si (100) heterojunction contact diodes. 

A heavily B-doped p+-Si (0.001-0-09 Ω.cm) wafer chip of 2x3.5 cm2 in size was 

used as a hole injecting electrode. For device fabrication, the p-n heterojunction was 

formed by pressing the p+-Si wafer chip vertically onto the top tips of the ZnO NR array 

on the FTO/glass substrate. The contact area of 1x2 cm2 was pressed by 100 g weight 

and fixed using a transparent epoxy. Then, the device was post-thermally treated in a 

tube furnace at 150 oC for 1 h under air environment to improve the physical bonding at 

the p-n heterojunction interface. Ohmic contact to p+-Si(100) has been done, following 

previously reported works in the literature [36,37], by using Ga-In eutectic. The contact 

to ZnO NR array is directly provided by the FTO substrate, as the FTO/glass acts as the 
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substrate for the ZnO NR array (they have been electrochemically grown onto it), and as 

the conductive electrode that collect the current circulating through the circuit.    

 

Electrical characterization of ZnO nanorod arrays/p+-Si (100) heterojunction contact 

diodes. 

 An Autolab PGSTAT30 potentiostat/galvanostat was used to measure the I-V 

characteristics of the diode devices. All measurements were performed at room 

temperature and in dark conditions.   

 

3. RESULTS AND DISCUSSION 

 

 Morphological and structural characterization of ZnO nanorod arrays. 

Figure 1a shows typical FESEM micrograph of ZnO nanorod arrays 

electrochemically grown onto a FTO/glass substrate. It can be appreciated that all of 

them show hexagonal cross section and hexagonal faceted (which arises due to their 

wurtzite structure) [1,8] and exhibited planar top ends (see inset of Fig. 1a). Moreover, 

the majority of the nanopillars are mostly vertically oriented to the substrate plane and 

the axial direction is aligned with the c-axis of the hexagonal ZnO crystal structure. The 

nanorod mean diameter is in the range 70-140 nm with a length of about 1 μm, giving 

rise to nanorods with an aspect ratio of about 7-14. The single crystallinity of the ZnO 

nanorods is evident from their faceted crystal habit and from XRD results (vide infra), 

and confirmed by HRTEM analysis (vide infra). The detailed microstructure of the ZnO 

NR arrays is further investigated by transmission electron microscopy (TEM)-related 
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techniques. Figure 1b shows a TEM image of a typical ZnO NR physically removed 

from the FTO substrate, exhibiting a diameter of 120 nm, which also confirms that the 

diameter of the ZnO NR array is in the range of 70-140 nm. HRTEM image focused on 

the ZnO NR and the corresponding selected-area electron diffraction (SAED) pattern 

(Figures 1c and 1d) confirmed that it had a single crystal wurtzite structure and was 

grown along the c-axis direction with 0.26 nm (0002) lattice fringe parallel to the basal 

plane [38].  

Figure 2 shows a typical X-ray diffraction pattern of a ZnO nanorod array 

sample as well as the standard reference powder diffraction pattern for hexagonal ZnO 

[38]. All the X-ray diffraction peaks can be indexed to the hexagonal wurtzite ZnO 

structure. No any other diffraction peaks besides SnO2 which comes from the FTO/glass 

substrate were detected, indicating high purity of the hexagonal ZnO phase. The 

predominant ZnO (0002) diffraction peak is observed, revealing on one side that the 

ZnO nanorods are highly crystalline, and on the other side indicating they vertical 

growth along the vertical c-axis. This is in good agreement with the SEM views that 

show that the nanorods have a hexagonal section and with HRTEM results, presented 

above. The (0002) peak is very sharp with FHWM of 0.13o. Three other diffraction 

peaks are present and correspond to the (1010), (1011) and (1013) planes of wurtzite 

ZnO. Their intensity is very low compared to the (0002) one.         

 

 Electrical properties of ZnO nanorod arrays/p+-Si (100) heterojunction contact 

diodes. 

Figure 3a shows schematic cross-section of the ZnO nanorod array/p+-Si (100) 

heterojunction contact diode device. The electrochemically grown n-ZnO nanorod 
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arrays aligned vertically to the FTO/glass substrate in contact with the p+-Si wafer chip 

form the point p-n heterojunctions. The junction properties were examined by current-

voltage (I-V) measurements at room temperature in air under dark conditions. Prior to 

examining the rectifying properties of the heterojunction diode, it is necessary to 

confirm ohmic behaviors of the electrodes. Figure 3b shows the I-V characteristics of 

the FTO/ZnO NRs contact, and that for a device as in Fig. 3a but without the presence 

of the ZnO NRs (i.e.: FTO/glass substrate directly contacted to the p+-Si(100) chip), 

thus simulating  a possible short-circuit between FTO and p+-Si(100) in the ZnO 

nanorod array/p+-Si (100) heterojunction contact diode device. The I-V curves obtained 

from the FTO/p+-Si(100) device (without the presence of ZnO NRs) and from contact 

FTO/ZnO exhibit a linear ohmic behavior and a slightly rectifying but symmetrical 

electrical behavior, respectively (see inset Fig. 3b). 

A typical I-V characteristic curve of the obtained diodes is displayed in Fig. 3c. 

It can be clearly seen that the device exhibits good rectifying behavior, indicating the 

formation of a diode. This observed rectifying behavior is due to the n-p heterojunction 

ZnO NRs/p+-Si(100) because contacts are either nearly ohmic or good ohmic, as 

described above. The device shows a low turn-on voltage (Von) of approximately 0.5 V 

under forward bias (which indicates that the device will have fairly low power 

consumption), in line with the one reported for a ZnO NR array/p-Si based diode by 

Badran et al. (Von=0.5 V) [39]. On the other hand, this turn-on voltage value is better 

than the one reported for a similar diode structure by Klason et al. (Von=1.0 V) [19]. In 

both literature cited cases, the ZnO nanorod arrays have been grown onto the p-type 

silicon substrate [19,39]. Moreover, the junction shows an excellent diode rectifying 

behavior: the rectification ratio of the forward-to-reverse bias current is ca. 4.8x103 and 

2.5x104 at a voltage of ±2 V and ±10 V, respectively. This rectification ratio value is 
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comparable with the value of 2.26x103 (at ±3 V) reported by Hwang et al. [15] for an 

heterojunction structure of ZnO nanorods/p-Si (where the ZnO nanorods have been 

grown by a hydrothermal method onto an annealed hydrothermal grown ZnO seed layer 

onto a silicon substrate); and much higher than the results of 6.3 (at ±2 V) [39] and 

2.5x103 (at ±4 V) [24] reported in the literature, for ZnO NRs/p-Si heterostructures 

where the ZnO nanorods have been grown onto the p-silicon substrate via thermal 

evaporation of metallic zinc powder in the presence of oxygen and hydrothermal 

method, respectively. This very good rectification ratio value can be due to the good 

quality of ZnO nanorods and good interface characteristics of the device [24]. 

Moreover, such high value of rectification ratio can be attributed to the fact that the 

well-aligned ZnO NR arrays display good transport properties consisting of high 

electron mobility and provide the electrons with a direct electrical pathway [17].    The 

leakage current is only 4.5x10-7 A at a reverse bias of 10 V, which is in accordance with 

the reported value of 5.58x10-7 A for a ZnO nanowire array/p-Si heterojunction diode in 

which the ZnO nanowires have been grown onto the p-Si substrate by a hydrothermal 

method [40]. Such a low leakage current value suggests that there are few leakage 

pathways in the device, verifying also the formation of intimate ZnO/p+-Si interface 

[17].                                            

The diode-like behavior of the ZnO nanorod array/p+-Si (100) heterojunction 

contact diode device was examined using thermionic emission model [16,41]. 

According to this model, the junction under forward bias has the I-V relation as: 









−








= 1exp

nkT

qV
II S  ),/3( qTkV B   (1) 

where V is the applied bias voltage (in V), I is the measured current, IS is the saturation 

current, q is the absolute value of the electronic charge (in C), k and T are Boltzmann’s 
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constant and absolute temperature, respectively, n is the ideality factor (in the ideal case 

n=1, if the transport mechanism is not governed exclusively by a thermionic emission 

process, n>1). The saturation current IS is expressed as: 

 








 
−= 

kT

q
TAAI b

S exp2
   (2) 

where A is the junction area, A* is the effective Richardson constant and Φb is the 

barrier height at the ZnO/ p+-Si interface. The slope and the intercept from the linear fit 

to the semilog plot of the I-V curve depicted in Fig. 3c yield the ideality factor, n=2.8, 

and the barrier height, Φb=0.85 eV. A value greater than 2 for n indicates that the diode 

is not an ideal one. This is probably due to the presence of surface states and/or the 

presence of an insulating interfacial oxide layer (SiO2) [11,42]. However, this obtained 

ideality factor value is lower than other ones reported in the literature for similar ZnO 

NR array/p-Si based diode devices, i.e. n=12.36 [40] and n=3.91 [19]. The calculated 

barrier height (Φb=0.85 eV), is rather close to previous reported values of 0.77 eV [19] 

and 0.82 eV [11]. Moreover, this calculated barrier height is in agreement to the 

difference of the work functions of Si (ca. 4.97-5.15 eV as it is heavily doped) and ZnO 

(4.25 eV) [11], i.e., 0.72-0.90 eV. Figure 4 shows an energy band diagram based on 

published data for the involved materials [4,43,44]. 

 In order to determine the charge transport mechanism of the ZnO nanorod 

array/p+-Si (100) heterojunction contact diode device, its I-V characteristic is presented 

in log-log scale in Fig. 5. The forward bias log I-log V curve is characterized by distinct 

linear regions (depending on the junction voltage value), indicating different conduction 

mechanisms [22,45]. As can be seen in Fig. 5, the forward bias characteristics show 

three linear regions separated by transition segments. At very low forward voltage for V 
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< 0.1 V (region I, slope 1.2), a linear dependence of the current on the voltage (I~V) is 

observed which indicates a transport mechanism obeying the Ohmic law. This small 

deviation from the ohmic behavior (slope 1.2 and not 1.0), indicates that the transport 

mechanism is most likely depending on the nature of contacts and on the presence of 

surface states and/or on the presence of an inherent insulating SiO2 thin layer at the 

interface ZnO NR/p+-Si(100) [46]. At higher voltage level, for 0.1 V<V< 0.4 V, (region 

II), the slope is measured to be 3.4. In this region, the current exponentially increases 

following the equation I~exp(αV), where α is a constant [22,46]. Aksoy et al. reported 

similar results [22]. This current behavior is often observed in the wide band gap p-n 

diodes [22,46]. At a moderately higher junction voltage, 0.4 V< V< 10 V, (region III, 

slope 2.3), the I-V characteristic follows a power law I ~ V2.3. An exponent greater than 

2 is indicative of space-charge-limited current [22,45]. Similar results have been 

reported in the literature [22,45].                          

 

4. CONCLUSIONS 

A ZnO nanorod array/p-Si vertical heterojunction diode, in which the ZnO nanorods 

have been grown by electrodeposition onto a FTO/glass substrate, has been fabricated 

by the direct-bonding technique. Single-crystalline wurtzite structure of ZnO nanorods 

with a preferential growth along c-axis has been verified by microstructural studies. The 

heterojunction diode device showed a very good rectifying behavior with a rectification 

ratio of the forward-to-reverse bias current as ca. 4.8x103 and 2.5x104 at a voltage of ±2 

V and ±10 V, respectively. The I-V characteristic was examined in the framework of the 

thermionic emission model. The obtained ideality factor and the barrier height values of 

the diode are 2.8 and 0.85 eV, respectively. The conduction mechanisms have been 

investigated from I-V characteristics as well. In summary, a simple, low cost and low 
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temperature process has been provided for the fabrication of ZnO nanorod array/p+-Si 

vertical heterojunction diodes, which opens up significant opportunities for the 

production of photonic and electronic nanodevice arrays.      
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FIGURE CAPTIONS. 

 

Figure 1. (a) Tilted FE-SEM micrograph view with a tilt angle of 50o of a typical ZnO 

nanorod array electrochemically grown onto a FTO substrate. The inset shows a high 

magnification image of a single vertical free standing ZnO nanorod, revealing its 

hexagonal prism shape with planar top ends. (b) TEM image of a single ZnO nanorod 

mechanically detached from the ZnO nanorod array/FTO glass substrate. (c) HRTEM 

micrograph of a single ZnO nanorod, the inset (d) shows the corresponding SAED 

pattern, indicating the single-crystalline characteristic of the nanorod.   

Figure 2. X-ray diffraction pattern of a ZnO nanorod array sample. Diffraction planes 

are indicated for ZnO. Hexagonal wurtzite ZnO JCPDS pattern is also shown for 

comparison (ZnO JCPDS: thick blue bars). (*, indicates the peaks originated from the 

SnO2:F substrate).  

Figure 3. (a) Cross-sectional schematic diagram of the vertical ZnO nanorod array/p+-Si 

(100) heterojunction contact diode device. (b) I-V characteristics of FTO contact on 

ZnO nanorod array (continuous black line), and FTO glass substrate/p+-Si(100) device 

(as depicted in (a) but without the presence of ZnO NRs) (dashed red line). Inset : I-V 

curves on a semi-log scale showing symmetric electrical behavior. (c) Current-voltage 

(I-V) characteristics of a typical vertical ZnO nanorod array/p+-Si (100) heterojunction 

contact diode device in a linear and a semi-log form.          

Figure 4. Energy band diagram for the ZnO nanorod array/p+-Si (100) heterojunction 

contact diode device with work function values for the contact, and conduction and 

valence band edges for ZnO and Si.    
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Figure 5. Log-Log plot of the current-voltage under forward bias of ZnO nanorod 

array/p+-Si (100) heterojunction. The I-V plot is divided into three different regions. 

The dashed lines represent the theoretical fittings to the data, and the respective slope 

values are indicated as m1, m2 and m3.   
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FIGURE 1. 
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FIGURE 2. 
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FIGURE 3. 
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FIGURE 4. 
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FIGURE 5. 
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