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A B S T R A C T

In this paper, the growth of ZnO nanorods on bare and NiO-coated p-Si substrates is reported. A two-step
chemical bath deposition process has been used to grow the nanorods. X-ray diffraction and scanning probe
microscopy confirmed that the NiO films were polycrystalline, and that the average grain size correlated with the
NiO layer thickness. The ZnO nanorod morphology, orientation and optical properties seemed to be unaffected
by the intermediate NiO layer thickness. Current-voltage measurements confirmed the rectifying behavior of all
the ZnO/NiO/Si heterostructures. The inclusion of a NiO layer between the substrate and the ZnO nanorods are
shown to cause a reduction in both the forward and reverse bias currents. This is in qualitative agreement with
the band diagram of these heterostructures, which suggests that the intermediate NiO layer should act as an
electron blocking layer.

1. Introduction

The production of cost effective solid state “white light” emitters
that combine red, green and blue radiation, while maintaining high
quantum efficiency, remains a challenge. Although red and green light
emitting diodes (LEDs) were already well developed by the early 1960s,
the development of blue LEDs followed only three decades later. At the
time, GaN, being a direct band gap semiconductor with a room
temperature band gap of ∼ 3.4 eV, was considered to be the most
appropriate material for blue emission. However, because p-type doing
was difficult to achieve, GaN p-n homojunctions were not possible. It
was only towards the late 1980s that Zn and Mg were successfully
introduced as shallow acceptors in GaN [1,2]. Unfortunately, GaN
technology remains rather expensive and therefore the search for
cheaper alternatives continues to be relevant. Over the past two
decades ZnO, with a band gap of 3.37 eV at 300 K, has attracted
substantial attention as an alternative material for white light emitting
devices. This interest in ZnO is mainly attributed to its large exciton
binding energy of ∼ 60 meV (compared to 28 meV for GaN [3]), which
allows for exciton-governed light emission at room temperature [4].

As was the case for GaN in the early 1980s, the reliable p-type
doping of ZnO remains a challenge. Thus, many researchers have been
focusing on heterojunctions between n-ZnO and different p-type
substrates [5–7]. Naturally, the discontinuity of the band edges is an
important consideration for device engineering, especially if the band
gap of the p-type material is much lower than that of ZnO. The reason

for this is that the injection of electrons from n-ZnO into the p-type
substrate in forward bias results in undesirable recombination in the p-
type material. Consequently, a wide-band gap material (MgO, NiO,
AlN), serving as an electron blocking layer, has been inserted between
n-ZnO and the p-Si substrate [8–10]. The aim of the present work is to
investigate the effectiveness of NiO as an electron blocking layer, and
by gaining a clearer understanding of the heterojunction properties,
advance the development of cost effective ZnO-based “white light”
emitters.

2. Experiment

Commercially available bulk (100) Si wafers (1–2 Ω cm) were used
in this study. The Si substrates were cleaned using the standard
procedure described elsewhere [11]. Ni layers of variable nominal
thickness (20 nm, 50 nm, 100 nm) were resistively evaporated onto the
pre-cleaned substrates in a vacuum chamber with base pressure of
10−5 mbar. The deposition rate was 0.3–0.4 Å/s. The Ni coated
substrates were subsequently annealed at 550 °C for 3 h in high purity
oxygen, with a flow rate of 0.2 l/min, to oxidize the Ni layers. A two-
step chemical bath deposition technique, described elsewhere [12], was
used to synthetize the ZnO nanorods.

The morphology of the films was studied using a field emission
scanning electron microscope (JEOL 7001F SEM) and a Bruker
Dimension FastScan scanning probe microscope (SPM), operated in
tapping mode. The crystallinity was determined using a Bruker D8
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Discover X-ray diffractometer (XRD). For this, the samples were
exposed to Cu Kα radiation of wavelength 0.154 nm. The room
temperature (RT) optical properties were studied using a mini-PL UV
Laser System 5.0 (Photon Systems, USA). This system uses a NeCu
laser with an excitation wavelength of 248.6 nm.

Ohmic contact to the Si was established by the resistive evaporation
of a 100 nm Al layer, annealed for 2 min at 450 °C in nitrogen. Ohmic
contact to the ZnO was established by depositing circular Al dots,
0.25 mm in diameter and 100 nm thick, onto the nanorod faces. The Al
was capped with 10 nm Au and no annealing was required. Note that in
a previous paper the authors have reported experiments in which the
ohmic nature of the contacts between aluminium and ZnO was
confirmed [13]. The dark I-V characteristics of ZnO/Si, ZnO/NiO/Si
heterostructures were obtained through a HP4140B programmable
integrated pA meter/DC voltage source.

3. Results and discussion

3.1. Layer morphologies

SPM height images of the nominally 20, 50 and 100 nm-thick NiO
layers are shown in Fig. 1(a)–(c), while the XRD spectra of the 100 nm-
thick Ni layer before and after annealing at 550 °C are displayed in
Fig. 1(d). The grain size of the NiO scales with film thickness. SPM
particle analysis yielded average lateral sizes of 39 nm, 46 nm and
64 nm for NiO films with a thickness of 20 nm, 50 nm and 100 nm,
respectively. The formation of NiO was confirmed by XRD. In Fig. 1(d)
the (111) Ni diffraction peak disappears after annealing and only the
(111) (37°2θ) and (200) (43°2θ) diffraction peaks of the polycrystalline
NiO are observed. It is interesting to note that Sasi et al. [14] reported
Ni2O3 formation for annealing temperatures below 550 °C, while
Venter et al. [15] did not observe this for similar temperatures. The
results reported by these two groups are in agreement for annealing

temperatures greater than 550 °C, however, with both reporting the
formation of NiO only, as observed also in the present study.

Fig. 2(a)–(d) show planar view SEM micrographs of ZnO nanorods
grown on bare and NiO coated Si, respectively. In all cases, the ZnO
nanorods are densely packed and exhibit hexagonal structure (see inset
figures), with an average diameter between 50 nm and 70 nm. Fig. 2(e)
shows the XRD spectra of the four samples. The ZnO (0002) diffraction
peak dominates, suggesting that c-axis orientation (perpendicular to
the substrate) is preferred. Cross-sectional SEM confirmed this pre-
ferred orientation for all samples. The (0002) full-width at half-
maximum values are reasonably constant (2θ ~ 0.151°), indicating
that the presence of NiO does not affect the crystalline quality/grain
size of the nanorods. These results can be explained by considering the
two step growth process. The first step involves the deposition of a seed
layer, consisting of ZnO nanoparticles (diameter ~ 5 nm) that act as
nucleation sites for the rods. It has been reported previously that the
orientation, distribution and crystallinity of the rods are controlled by
this first step [12]. In addition to the ZnO peak, the (111) and (200)
NiO peaks are also observed, confirming the presence of the NiO
intermediate layer.

3.2. Photoluminescence

Fig. 3 shows the normalized room temperature PL spectra of the
ZnO nanostructures grown on bare and NiO coated Si. All the spectra
exhibit near-band-edge (NBE) (~ 3.29 eV) and deep level (DLE)
(2–2.7 eV) emission. DLE is usually ascribed to defect-related emis-
sion, whereas NBE is associated with free exciton emission [13,16]. The
intensity ratio, IUV/IVis, which is used as a measure of the relative
importance of native defects, ranged between 4 and 6, but no obvious
correlation with NiO layer thickness was found. This result differs from
that obtained by Echresh et al. [17]. These authors deposited NiO as
intermediate layer between ZnO and GaAs and observed that the

Fig. 1. SPM height images (1 µm × 1 µm) of (a) 20 nm, (b) 50 nm and (c) 100 nm NiO layers and (d) XRD spectra of the 100 nm Ni layer before and after oxidation.
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intermediate NiO layer enhanced the nucleation density, uniformity
and preferential orientation of the nanorods by reducing the lattice
mismatch. In a previous study in our laboratory ZnO nanorods were
grown directly on both (100) and (111) Si, with a lattice mismatch of
40% and 14%, respectively. It was found that the nucleation density
and nanorod orientation is independent of the lattice mismatch [18].
These results are in agreement with explanations given by Urgessa

et al. [12,19]. The structural and optical changes observed by Echresh
and co-workers may be attributed to seed layer non-uniformity rather
than to the thickness of the intermediate NiO layer.

3.3. Electrical characterization

Fig. 4 displays linear and semi-log current-voltage (I-V) character-
istics of the four samples. Evidently, all the heterostructures are
rectifying, while a progressive decrease in both the forward and reverse
current with increasing NiO thickness can be noticed. In Fig. 4(a) the
low currents measured for the 50 nm and 100 nm ZnO/NiO/Si
structures necessitated a multiplication factor of 20 and 100, respec-
tively.

Table 1 lists the rectification ratios and ideality factors for the
samples. The rectification ratio was determined at ± 3 V. The decrease
in the rectification ratio can be explained when considering the ZnO/
NiO/Si energy band diagram.

The band alignment diagram of ZnO/Si and ZnO/NiO/Si can be
obtained using the Anderson model [20]. This model uses the electron
affinity and the band gap of the materials to determine the band offsets.
The conduction band offset (ΔEC) is obtained from the difference in the
electron affinities, while the valence band offset (ΔEV) is then deter-
mined by taking the difference in the band gaps of the two materials

Fig. 2. Planar view SEM micrographs of ZnO nanorods on (a) bare silicon and (b–(d) 20 nm, 50 nm and 100 nm-thick NiO layers on Si; (e) the associated XRD spectra for (a)–(d).

Fig. 3. Normalized RT PL spectra of ZnO nanorods grown on bare and NiO-coated Si.
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into account. Using electron affinity values of 4.05 eV (Si), 4.35 eV
(ZnO) and 1.46 eV (NiO) and band gap values of 1.12 eV (Si), 3.37 eV
(ZnO) and 3.7 eV (NiO) [15,21], the band diagram in Fig. 5 (which
ignores band bending) was obtained. From the energy band diagram
for ZnO and Si, it is clear that the barrier to electron flow in forward
bias is less than for holes. Electrons are consequently the dominant
majority carrier, since they only need to overcome a barrier of 0.3 eV
compared to 2.55 eV for the holes. Upon adding the NiO layer to the
structure, ΔEC increases significantly (from 0.3 eV to 2.89 eV), result-
ing in a larger barrier for electrons (in forward bias), whereas the
barrier for holes remains the same. This explains the decrease in the

observed forward current. Considering the reverse bias conditions, the
additional electron potential barrier will cause a larger resistance to
electrons crossing the junction from Si to ZnO, which will contribute to
the observed reduction in the reverse current.

The thermionic emission theory was used to extract an ideality
factor (for an applied bias less than 0.5 V) for each of the sample (see
Table 1). It is known that an ideality factor greater than 1 suggests that
thermionic emission is not the dominant transport mechanism. In our
previous work, temperature dependent I-V measurements of n-ZnO/p-
Si heterojunctions confirmed that the forward current is dominated by
a trap-assisted, multi-step tunneling process [18]. Although further
analysis is required, it is speculated that the polycrystalline NiO is rich
in point and extended defects, which will cause trap assisted tunneling.
The tunneling probability through the NiO will reduce as the NiO layer
thickness increases. This will contribute to the decrease in forward
current with an increase in NiO thickness, shown in Fig. 4.

4. Conclusions

Silicon is a cost-effective substrate for the production of light
emitting devices based on ZnO nanorods. In this paper, some of the
properties of ZnO nanorods, produced by chemical bath deposition on
p-silicon substrate, were investigated. In particular, the effect of
varying the thickness of an intermediate NiO layer on the structural,
morphological and optical quality of the ZnO was studied. While the
grain size of the poly-crystalline NiO increased with film thickness, the
ZnO was essentially unaffected by the presence of the intermediate
oxide layer; the density and diameter of the rods, their orientation
relative to the substrate, and their luminescence response remained
unchanged. However, the current-voltage characteristics of the samples
showed that the forward and reverse current both decreased when the
NiO layer thickness was increased; at the same time the rectification
deteriorated. These effects were ascribed to a reduction in electron
current across the interface, resulting from the electron barrier that is
introduced by the NiO intermediate layer. Another contributing factor
could be a reduction in defect assisted tunneling when the samples are
forward biased.
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Fig. 4. (a) Linear I-V and (b) semi-log I-V characteristics of ZnO/Si and ZnO/NiO (20, 50, 100 nm)/Si heterojunctions.

Table 1
Parameters extracted from I-V measurements on samples with and without a NiO
intermediate layer.

Heterojunction Rectification ratio Ideality factor

n-ZnO/p-Si 820 3.6
n-ZnO/NiO(20 nm)/p-Si 510 5.3
n-ZnO/NiO(50 nm)/p-Si 46 13.3
n-ZnO/NiO(100 nm)/p-Si 38 14.8

Fig. 5. Band diagram of ZnO/Si and ZnO/NiO/Si bi-interface system.
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