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a b s t r a c t

Hexagonal-shaped ZnO nanorods were successfully grown on p-silicon substrate via thermal evaporation
of metallic zinc powder in the presence of oxygen. The grown nanorods were characterized in terms of
their structural and optical properties by using X-ray diffraction, FESEM, HRTEM and room-temperature
photoluminescence (PL) spectroscopy. It is confirmed from the observed structural and optical properties,
that the grown nanorods are well-crystalline with the wurtzite hexagonal phase and are preferentially
eywords:
nO
anorods
hotoluminescence
eterojunction diodes

grown along the [0 0 0 1] direction and exhibiting good optical properties. The as-grown n-ZnO nanorods
on p-silicon (n-ZnO/p-Si) substrate were used to fabricate p–n heterojunction diode which attains a turn-
on voltage of ∼0.5 V. Temperature-dependant (298, 323, 343, 363, 383, and 423 K) I–V characteristics for
the fabricated diode were also examined and demonstrated in this paper. It was found that the fabricated
heterojunction diode was reasonably stable at higher temperatures and the series resistance slightly

the t
increases with increasing

. Introduction

Among various semiconductor metal oxide nanostructures,
he nanostructure of II–VI semiconductor, ZnO, possesses special
lace due to its own merits and properties. It is an important n-
ype semiconductor and has various specific properties such as
irect and wide band gap (3.37 eV), large-saturation velocity, high-
reakdown voltage, high-mechanical and thermal stabilities, large
xciton binding energy (60 meV) at room-temperature, etc. The
trong exciton binding energy of ZnO compared to thermal energy
t room-temperature (26 meV) ensures an efficient exciton emis-
ion at room-temperature under low-excitation energy [1–3]. ZnO
xhibits biocompatibility hence recently used for the fabrication of
arious kinds of biosensors [4–6]. Due to the lack of centre of sym-
etry in ZnO, it exhibits piezoelectric and pyroelectric properties,

ence efficiently used for the fabrication of piezoelectric sensors

nd actuators [7]. In addition to this, ZnO is also efficiently used
n various applications such as catalysts, solar cells, field emis-
ion devices, sensors and actuators, hydrogen storage, solar cells,
lectronic and photovoltaic devices, transparent conductive films
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emperature.
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and so on [8–13]. Because of various excellent properties and so
many high-technological applications, variety of ZnO nanostruc-
tures have been synthesized by using several fabrication techniques
and reported in the literature, to name a few, thermal evapora-
tion process, carbothermal process, vapor-phase transport process,
metal organic chemical vapor deposition (MOCVD), arc discharge,
solution-based synthesis, template directed wet and dry meth-
ods, hydrothermal process, sol–gel process, microwave synthesis
process and so forth [1–16]. The ZnO possesses variety of nanos-
tructures, hence it is believed that the ZnO is probably the richest
family of nanostructures [1–16]. Few nanostructures of ZnO are
nanowires, nanorods, nanocombs, nanonails, nanotubes, flower-
shaped and hierarchical nanostructures, nanohelixes, nanosprings
and nanorings, doughnuts-like nanostructures and so on [1–26].
Among various nanostructures, the one-dimensional (1D) nanos-
tructure systems such as nanowires, nanotubes, and nanobelts have
stimulated much attention due to their unique and specific prop-
erties and their applications to nanoscale devices.

In this paper, a very simple and economic method has
been demonstrated for the fabrication of hexagonal-shaped ZnO

nanorods on silicon substrate. The as-grown ZnO nanorods were
investigated in terms of their structural and optical properties.
Moreover, the as-grown n-ZnO nanorods on p-silicon substrate
were used to fabricate p–n heterojunction diode. The temperature-
dependant (298, 323, 343, 363, 383, and 423 K), I–V characteristics
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f the fabricated diode were also examined and demonstrated in
his manuscript.

. Experimental details

Hexagonal ZnO nanorods were grown in a horizontal quartz tube furnace by
sing metallic zinc powder and oxygen gas as source materials for zinc and oxygen,
espectively. p-Type silicon was used as substrate to deposit the ZnO nanorods. Prior
o the growth, silicon substrates were cleaned with de-ionized water, methanol and
cetone, sequentially and finally dried under nitrogen flow. For the growth of ZnO
anorods, metallic zinc powder was put in an alumina boat and placed at the cen-
re of the quartz tube furnace. The silicon substrates were placed ∼7 cm away from
he source material. After loading the source material and substrates, the chamber
ressure was pumped down to 2–5 Torr using a rotary vacuum pump. After evac-
ation, the furnace temperature was raised up to 800 ◦C and oxygen and nitrogen
ere fed continuously with the flow rates of 100 sccm and 150 sccm, respectively.

he reaction was lasted for 2 h and finally white colored products were deposited
nto the whole surfaces of the silicon substrate.

The crystallinity and crystal structure of the deposited product were charac-
erized by using X-ray diffraction (XRD) pattern measured with Cu-K� radiation.
o check the general morphologies of the grown nanostructures, field emission
canning electron microscopy (FESEM) was used. For detailed structural char-
cterizations of the grown nanostructures, high-resolution transmission electron
icroscopy (HRTEM) equipped with the selected area electron diffraction (SAED)

attern was used. The optical properties of the grown nanorods were examined by
sing room-temperature photoluminescence (PL) spectroscopy. For the I–V mea-
urements, “Ag” metal was deposited using thermal evaporation on as-grown ZnO
anorods and Si substrate. The I–V characteristics of the fabricated n-ZnO/p-Si het-
rojunction diode (0.5 cm × 0.5 cm) were studied by using KEITHLEY 6517A under
acuum using Neytech Qex furnace at 2 Torr at various temperatures (298, 323, 343,
63, 383, and 423 K).

. Results and discussion

.1. Structural and optical properties of as-synthesized ZnO
anorods
The crystal phase and crystallinity of the as-grown ZnO
anorods were examined by using X-ray diffraction (XRD) pattern
nd demonstrated in Fig. 1(a). All the obtained peaks in the pattern
re well matched with the reported values of wurtzite hexagonal

ig. 1. (a)Typical X-ray diffraction pattern of as-grown ZnO nanorods on silicon subs
orresponding SAED pattern of as-grown ZnO nanorods on silicon substrate.
Compounds 508 (2010) 375–379

phase pure bulk ZnO. Except ZnO peaks, no other peaks related to
impurities or source material (un-reacted zinc) were found in the
pattern (up to the detection limit of X-ray machine) which con-
firms the formation of wurtzite hexagonal phase for the as-grown
ZnO nanorods. A peak positioned at 34.2◦ assigned as ZnO (0 0 0 2)
is highest among other observed peaks in the pattern confirming
that the grown nanorods are preferentially grown along the (0 0 0 2)
direction.

To know the morphologies and structural properties of the
as-grown products, field emission scanning electron microscopy
(FESEM) and transmission electron microscopy were carried out
and shown in Fig. 1(b)–(d). Fig. 1(a) and (b) demonstrates the typ-
ical FESEM images of the grown products which clearly reveal that
the deposited structures are hexagonal-shaped nanorods and are
densely grown on the whole substrate surface. The typical diame-
ters of the grown nanorods are 125 ± 25 nm. The detailed structural
characterizations of the as-grown nanorods were performed
by high-resolution transmission electron microscopy (HRTEM)
equipped with selected area electron diffraction (SAED) pattern and
shown in Fig. 1(d) and (e), respectively.

Fig. 1(d) demonstrates the high-resolution TEM image of as-
grown nanorod. The HRTEM image of the nanorod clearly exhibits
the distances between two parallel lattice fringes, i.e. about
0.52 nm, equal to the lattice constant of the wurtzite hexagonal
ZnO and corresponds to the (0 0 0 1) planes of the wurtzite hexag-
onal phase ZnO. By this fact, one can confirm that the grown
nanorods are well-crystalline with the wurtzite hexagonal phase
and grown along the (0 0 0 1) direction in preference. Further-
more, no dislocation or stacking faults were observed from the
synthesized ZnO nanorods. Fig. 1(e) exhibits the corresponding
selected area electron diffraction (SAED) pattern of the grown

nanorods. The observed SAED pattern is well matched and exhibit-
ing the consistency with the HRTEM observation which further
affirms that the grown nanorods are well-crystalline with the
wurtzite hexagonal phase and grown along the c-axis preferred
orientation.

trate, (b) and (c) typical FESEM images, (d) high-resolution TEM image and (e)
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for the fabricated p–n heterojunction diode made by using n-ZnO
nanorods grown on p-Si substrate.

Fig. 4(a) shows the I–V characteristics of n-ZnO/p-Si heterojunc-
tion device measured at various temperatures, i.e. 298, 323, 343,
363, 383 and 423 K. The voltage dependence of the junction current
R.I. Badran et al. / Journal of Alloy

To explain the growth mechanism for the synthesized ZnO
anorods on silicon substrate, the vapor–solid (VS) growth
echanism [19] can be explained instead of commonly and con-

entionally vapor–liquid–solid (VLS) [20] growth process. In case of
LS mechanism, the source vapor reacted with the catalytic metal
articles and formed the alloy droplets. And after attaining the
upersaturation state, the grown droplets lead to the formation of
anostructures. It is known that the typical characteristic of VLS
echanism is the presence of metal particles capped at the end

f the grown nanostructures. For the growth of ZnO nanorods, no
etal nanoparticles or catalysts were used and after the growth

o metal particles were found on the tips of the grown nanorods.
ence, one can predict that the growth of ZnO nanorods follows the
S process instead of VLS. In a typical growth process, the Zn atoms
ere continuously evaporated from the quartz boat during whole

eaction process and reacted with oxygen gas in the gaseous phase
nd form the ZnO vapors. The formed ZnO vapors were deposited
nto the silicon substrate in the form of small ZnO nuclei. As the
asic characteristic of ZnO is wurtzite hexagonal phase, hence it

s predicted that the deposited ZnO nuclei were in the hexago-
al shape. Therefore, with increasing the reactant concentrations
nd reaction time, the deposited hexagonal ZnO nuclei individu-
lly grow to upward direction and finally hexagonal-shaped ZnO
anorods were obtained.

The optical property of the as-grown ZnO nanorods was
xamined by using room-temperature photoluminescence (PL)
pectroscopy measured with the He–Cd (325 nm) laser-line as the
xciton source and shown in Fig. 2. Generally, two bands have been
ppeared in the room-temperature PL spectrum of ZnO nanostruc-
ures in both UV and visible regions. The peak that appeared in
he UV region, also called as near band edge emission (NBE) of
he wide band gap of ZnO, is originated due to recombination of
ree-exciton through an exciton–exciton collision process. More-
ver, the peak that originated in the green emission, also known
s deep level emission (DLE), is caused by structural defect (zinc
nterstitials, oxygen vacancies, etc.) and impurities in the deposited
anostructures. Regarding the origination of green emission, the
heories given by Vanheusden et al. are generally accepted which
tated that the green band in the PL spectrum is generally explained

y the radial recombination of the photo-generated hole with the
lectrons which belongs to the singly ionized oxygen vacancies
21]. A sharp and strong UV emission at ∼381 nm and a broad
nd suppressed green emission at ∼522 nm have been observed
rom the as-grown hexagonal-shaped ZnO nanorods which con-

ig. 2. Typical room-temperature photoluminescence (PL) spectrum of the as-
rown ZnO nanorods on silicon substrate.
Fig. 3. . Schematic diagram of p-Si/n-ZnO nanorods based heterojunction diode.

firm that the grown nanorods possess good optical properties with
less structural defects and impurities.

3.2. Electrical properties of the as-synthesized ZnO nanorods

To determine the electrical properties of the as-grown ZnO
nanorods, a heterojunction device based on n-ZnO nanorods/p-
Si substrate has been fabricated and their current–voltage
characteristics have been examined. The current–voltage (I–V)
characteristics of the fabricated heterojunction diode are studied
at several temperatures (from 298 to 423 K) in the forward and
reverse bias conditions. Fig. 3 demonstrates the schematic diagram
Fig. 4. Typical (a) current versus voltage plots of the p-Si/n-ZnO nanorods based
heterojunction diode at various temperatures (298, 323, 343, 363, 383, and 423 K)
and (b) plots of ln (I) versus ln (V) at different temperatures for the fabricated p-Si/n-
ZnO heterojunction diode.
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ent regions. From these plots, the intercept and slope can provide
the values of saturation current (Io) and diode quality factor (n),
respectively.
ig. 5. Plots of ln (Io) versus V for n-ZnO/p-Si device at different temperatures: (a)
orward and reverse bias regions and (b) forward bias region indicating different
egions of conduction mechanism with different slopes.

ay be written as:

= Io(T)e(eV/nkT), (1)

here, e, k, and Io (T) are electronic charge, Boltzman constant and
emperature-dependent saturation current. Here, n is the quality
actor that measures the conformity of the diode to pure thermionic
mission. The temperature-dependent saturation current can be
elated to the effective barrier height Veff by the relation:

o(T) = AA ∗ T2e(eVeff/kT). (2)

ere, A and A* are the contact area and Richardson constant, respec-
ively. In a thermionic emission model, a more realistic relation
han that shown in Eq. (1) may be adopted and written as [24,25]:

= Io(T)e(eV/nkT)[1 − e(eV/kT)]. (3)

non-linear and rectifying behavior is obtained in the I–V char-
cteristics of n-ZnO/p-Si heterojunction. The obtained Schottky
unction exhibits a diode-like behavior with a turn-on voltage of
0.5 V, at all temperatures. The obtained turn-on-voltage from the

abricated heterojunction device in our study is close to that already
eported in the literature [27,28]. The turn-on voltage allows very
mall value of current (∼10−11 A) at all temperatures except at
= 423 K where the device allows a current of ∼10−10 A. Moreover,
he low value of current that such device allows, may be due to
on-uniform growth geometry of synthesized nanorods. Both, the
mall gradual change of turn-on voltage and the small change in
he slope of forward bias I–V plots via the change in temperature
re an indication for attaining a rectifying behavior of the device.
Compounds 508 (2010) 375–379

The junction, for example at 2.0 V, exhibits a rectifying behavior
with rectifying ratio of 6.3. In reverse bias, n-ZnO/p-Si hetero-
junction diode exhibits small reverse breakdown voltage (∼0.55 V)
with small reverse leakage current of about 10 pA which can be
explained by considering the unique geometry and rod-like mor-
phologies of ZnO nanorods on the p-Si substrates and thus creates
more likely a tunneling effect.

Fig. 4(b) demonstrates the ln (I) versus ln (V) plots for the fab-
ricated p–n heterojunction diode at various temperatures, i.e. 298,
323, 343, 363, 383 and 423 K. The plots clearly demonstrate two
regions which have different slopes and may be attributed to two
transport mechanisms. The obtained results are in agreement with
that reported by Ghosh and Basak [24]. Region I which exhibits a lin-
ear dependency of current on the applied voltage may be attributed
to a dominated field emission or tunneling mechanism while region
II, which shows an exponential relation between the current and
the applied voltage, is mainly due to recombination–tunneling
mechanism. The mild fluctuations that exist around the slope in
region II may be an indication for the stability in the fabricated
device. Moreover, it is observed that the second region (region II
with V > 1.4 V) has an average slope of about three times smaller
than that of the first region (region I with V < 1.4 V) at all tempera-
tures.

Fig. 5 demonstrates the plots of ln (I) versus ln (V) for the fab-
ricated p–n heterojunction diode at various temperatures, i.e. 298,
323, 343, 363, 383 and 423 K. The latter plots again show two differ-
Fig. 6. (a) Saturation current (Io) and quality factor (n) versus temperature; and (b)
series resistance (Rs), versus temperature (T) and ln (Io) versus inverse temperature
of the fabricated n-ZnO/p-Si heterojunction diode.
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Fig. 6(a) shows the plots for the obtained saturation current and
uality factor versus temperature. It is observed, from the plot of
aturation current versus temperature, that the saturation current
ncreases with increasing temperature. Similar trend of satura-
ion current with temperature was observed in the data reported
n the literature for the n-ZnO/p-GaN heterojunction diode [27].

oreover, the quality factor, evaluated at region I, also exhibits
imilar trend to that observed in the literature [27] when the
emperature increases, and apart from a deviation at 423 K tem-
erature, but with a shallower slope. However, n exhibits a mild
ariation around a value of 11 in this region. The values of n,
n region II, are very much larger than the latter value. Such a
rend at higher voltages is in agreement with that shown by others
25]. The high values of n at high voltages may be an indication
or the existence of high concentration of defect states in ZnO
anorods.

Fig. 6(b) reveals the plot for the variation of ln (I) versus inverse
emperature. Excluding the point at T = 423 K, the activation energy
f 160 meV can be extracted from this plot. This latter value is
ery much larger than the exciton binding energy of ZnO (of about
0 meV). However the global behavior, here, is similar to that
btained in Ref [27]. The series resistance which is obtained from
he slope of high voltage region of I–V plots increases with the
ncrease in temperature and exhibits behavior similar to that found
y others [27,29].

. Conclusions

In summary, n-ZnO nanorods were grown on p-silicon sub-
trate by simple thermal evaporation process using metallic
inc powder and oxygen gas as source materials for zinc and
xygen, respectively. Detailed structural and optical characteri-
ations confirmed that the grown nanorods are well-crystalline
nd possess good optical properties. For application view point,
he as-grown n-ZnO nanorods/p-silicon substrate were used to
abricate p–n heterojunction diode. The fabricated n-ZnO/p-Si het-
rojunction diode attained moderate turn-on voltage of ∼0.5 V and
llowed a current in the order of 10 pA. Temperature-dependant
–V characteristics for the fabricated device were also exam-
ned and presented in this paper. It was observed that the

urrent flow through the device might be dominated by tunnel-
ng and recombination–tunneling conduction mechanisms. The
btained results suggest that the simply grown ZnO nanostruc-
ures can efficiently be used to fabricate efficient heterojunction
iodes.
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