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Temperature-dependant non-catalytic growth of ultraviolet-emitting ZnO
nanostructures on silicon substrate by thermal evaporation process
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Abstract

Needle-like nanowires, nanorods, and nanosheets containing nanowires of ZnO have been synthesized on silicon substrate by the thermal
evaporation of metallic zinc powder in the presence of oxygen without the use of any catalyst or additives. It was observed that a particular type
of ZnO nanostructure can be obtained in a specific temperature zone and morphology can be well controlled simply by adjusting the substrate
temperature. Detailed structural analysis revealed that the formed ZnO nanostructures are single-crystalline with wurtzite hexagonal phase, grown
along the [0 0 0 1] direction in preference. Raman scattering and room-temperature photoluminescence spectra showed the good crystallinity with
hexagonal wurtzite phase and excellent optical properties, respectively for all the deposited ZnO nanostructures.

© 2007 Elsevier B.V. All rights reserved.
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. Introduction

Zinc oxide (ZnO) is one of the most important materi-
ls for the optoelectronic applications because of its wide
and gap (3.37 eV) and high-exciton binding energy (60 meV),
uch larger than other semiconductor materials such as ZnSe

22 meV) and GaN (25 meV). Structurally, the ZnO has a
urtzite hexagonal phase and possesses a non-centrosymmetric

tructure which makes it a promising candidate for the fab-
ication of electromechanical coupled sensors, actuators and
ransducers [1,2]. Diversity in the morphologies of ZnO, syn-
hesized by a variety of fabrication techniques was reported in
he literature [3–11]. The multifariousness in the morphology
f ZnO provides them an opportunity for the desirable potential

pplications in novel nanodevices and nanosystems. However,
he shapes of ZnO nanostructures were quite dependent on
rowth temperature. Hence, some works related to temperature-
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ontrolled synthesis of ZnO nanostructures are reported in
iterature. Yao et al. reported the formation of different types
f ZnO nanostructures by thermal evaporation using the ZnO
nd graphite powder mixture as a source material at about
100 ◦C [12]. The growth of ZnO nanobelts and nanosheets at
ifferent substrate temperatures under same experimental con-
itions were done by Wei et al., recently [13]. They thermally
vaporated the mixed powders of ZnS, SnO2 and graphite at
bout 1050 ◦C to obtain the synthesized ZnO nanobelts and
anosheets. Zhao et al. presented the temperature dependant
rowth of ZnO nanostructures by the vapor-transport process
sing the ZnO and graphite mixture at different temperatures
anging from 900 to 1000 ◦C [14]. In all the reported results
entioned above, the ZnO nanostructures were grown at rel-

tively high temperatures with good quality, but a deep level
mission was also observed from the as-synthesized products
hich were attributed to the structural defects and impurities
f the corresponding structures. However, little work has been

eported for the effect of temperature on the growth of quality
nO nanostructures at lower temperature regimes (<600 ◦C),
hich have strong ultra-violet (UV) emitting properties. It is

ssential to have a good optical property for the ZnO nanostruc-
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Fig. 1. (a) Schematic of the experimental setup for the fabrication of different
A. Umar et al. / Journal of Alloys

ures to be utilized for the fabrication of efficient optoelectronic
evices.

In this work, a temperature-controlled catalyst-free synthesis
f quality ZnO nanostructures by a simple thermal evapora-
ion process has been carried out at a modest temperature
ange between 480 and 600 ◦C. Most important, our synthe-
ized ZnO nanostructures are exhibiting only a sharp and strong
V emission in the room-temperature photoluminescence (PL)

pectra, indicating that the as-grown nanostructures have excel-
ent optical properties with good crystallinity. This paper also
resents that temperature is one of the most important fac-
ors to control the structural and optical properties of the
nO nanostructures and by simply controlling the local sub-

trate temperature a desired type of ZnO nanostructures can be
btained.

ig. 2. Typical SEM images of the ZnO nanostructures grown on silicon substrate a
he needle like nanowires grown at position “A”; (c) low and (d) and high magnificat

agnification images of ZnO nanosheets containing nanowires deposited at position

types of ZnO nanostructures; (b) different growth zones inside the horizontal
quartz tube furnace.
t different temperature regions: (a) low and (b) high magnification images of
ion images of ZnO nanorods formed at position “B”; (e) low and (f) and high
“C”.
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. Experimental details

The synthesis of ZnO nanostructures was conducted in a conventional 50 cm
ong horizontal tube furnace as represented in Fig. 1(a). A ceramic boat with
he length and diameter of 4 and 1.5 cm, respectively, containing the high purity

etallic zinc powder (99.999%), was loaded in a quartz tube furnace. Si (1 0 0)
ubstrate has been used to deposit ZnO nanostructures. Before loading the sub-
trates in the reactor, they were treated for 10 min with the buffer solution to
emove the native oxide layer and keenly washed with de-ionized water, ace-
one and methanol, and finally dried by N2 flow. Three substrates, indicated
s A, B and C were placed inside the quartz tube furnace above the ceramic
oat as their polished surface faces the source material. The substrates were
et in such a manner that they attain a specific temperature during the reaction
Fig. 1(a)). After this arrangement, the chamber was evacuated to 1–3 Torr using
otary vacuum pump. High purity nitrogen gas was introduced into the reactor
hamber with the flow rate of 15 sccm (standard cubic centimeters per minute).
he temperature of the furnace was increased to 600 ◦C. When the furnace tem-
erature reached to the desired growth temperature, the oxygen gas was flowed
t 30 sccm during the whole growth period. The reaction was lasted in 90 min.
uring the experiment, temperatures of each substrate in the quartz tube furnace
ere monitored with a thermal couple. The source material was placed in the

emperature range of 480–600 ◦C, while the substrates A, B and C were placed
n the temperature zones of 575–600 ◦C (I), 530–575 ◦C (II) and 480–530 ◦C
III), respectively (Fig. 1(b)). The deposited products were characterized by
he scanning electron microscopy (SEM), transmission electron microscope
TEM), high resolution TEM (HRTEM) and X-ray diffraction (XRD) pat-
ern measured with Cu K� radiation. Raman scattering and room temperature
hotoluminescence (PL) spectroscopy measured with the Ar+ (513.4 nm) and
e–Cd (325 nm) laser line as the exciton sources were used to examine the

rystal perfection and optical properties of the as-grown ZnO nanostructures,
espectively.

. Results and discussion

.1. General morphologies and crystal structures of ZnO
anostructures

Fig. 2(a) and (b) show the low and high magnification typ-
cal SEM images of the structures deposited at substrate “A”
ositioned in the temperature zone I. Uniformly distributed
eedle-like ZnO nanowires in a high density were obtained. The
ypical diameters and lengths of these nanowires are in the ranges
f 30–50 nm and 3–5 �m, respectively. The obtained products
re randomly grown and partially aligned to the whole substrate
urface with uniform density. Fig. 2(c) and (d) show the low and
igh magnification typical SEM images of the structures grown
n substrate “B” placed in the zone II. These ZnO nanorods
re uniformly grown onto the whole surface in a large quantity
nd almost aligned to the substrate. The average diameters and
engths of the as-grown products are in the range of 100–170 nm
nd 2–3 �m, respectively. The diameters of the grown nanorods
re uniform through out their length and showing the clean
nd smooth surfaces. It is interesting to see that some of the
ew, very thin nanowires having the diameter of 15–25 nm with
he length of 4–6 �m were observed from the sample which
eemed that they were originated from the facets of nanorods.
he low and high magnification typical SEM images of the
roducts grown on substrate “C” placed in the zone III were

hown in Fig. 2(e) and (f). ZnO nanowires attached with the ZnO
anosheets were observed. Interestingly, the obtained nanowires
re rooted in the outer surfaces of the nanosheets. The aver-
ge thicknesses of these ZnO nanosheets are in the range of

l
c
t
a

ig. 3. XRD patterns of different ZnO nanostructures grown on positions (a) A,
b) B, and (c) C placed in the different temperature regions.

0–60 nm with several micrometers wide. The diameters and
engths of the originated nanowires are in the range of 20–30 nm
nd 6–8 �m, respectively, and are exhibiting smooth surfaces
ith uniform diameter passim their length. All the grown ZnO
anostructures reported here have a good reproducibility under
he same experimental setup and conditions employed for this
ork.
Fig. 3 shows the typical XRD patterns for the ZnO nanos-

ructures deposited at different temperature zones. The presence
f high intensity, strong and sharp peak at 34.2◦ assigned to
e as ZnO (0 0 0 2), in all the spectra, indicated that the grown
anostructures are preferentially grown in c-axis direction. No
dditional peaks from the unreacted zinc or other impurities were
ound in the spectra. Overall, due to the stronger in intensity and
he narrower in spectral width of ZnO (0 0 0 2) peak as compared
o the other (1 0 1 0) and (1 0 1 1) peaks confirm that the as-grown
anostructures are highly crystalline and preferentially oriented
n the c-axis direction.

For the further detailed structural characterization by TEM,
he needle-like ZnO nanowires grown in the zone I was cho-
en. Fig. 4(a) shows the close view of the root portion of
he ZnO nanowire. The TEM image confirms that the typi-
al diameter of the nanowires at its root lies in between 30
nd 50 nm and decreases with increasing its length. The cor-
esponding SAED pattern of the root portion shows that the
eedle-like ZnO nanowire is single crystalline, grown along
he c-axis direction (inset of (a)). Fig. 4(b) demonstrates the
ip portion of the nanowire which clearly indicates that the
anowires has a sharp tip with the wide root and its diameter
ecreases gradually from root to the tip. These low magnifica-
ion images indicate that they have smooth and clean surfaces
ithout any structural defects. Fig. 4(c) shows the high reso-

ution TEM (HRTEM) image of circled portion of the single

rystalline nanowire shown in Fig. 4(b), which confirms that
he as-grown nanowires are structurally uniform and free from
ny type of noticeable defects such as dislocations and stack-
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ig. 4. Low resolution TEM images of (a) root and (b) tip portion of the needle
he root portion (inset); (c) high resolution TEM images of circled portion of tip

ng faults. The lattice spacing of about 0.52 nm corresponds to
he d-spacing of (0 0 0 1) planes verified the wurtzite hexagonal
tructure for the grown products. The SAED pattern of this same
ircled area projected along the [2 1̄ 1̄ 0] zone axis is fully con-
istent with the HRTEM observation (inset (c)) and confirms the
ingle crystallinity and c-axis growth direction for the as-grown
anowires.

.2. Detailed optical properties of the ZnO nanostructures

Fig. 5 shows the Raman scattering of the ZnO nanostructures

rown at the different temperature zones. The appearance of a
igh intensity, dominated, strong and sharp peak at 437 cm−1,
ver other peaks except silicon substrate, is attributed to be as the
aman active optical phonon E2 mode for the wurtzite hexag-

w
a
z
s

ZnO nanowires grown at position “A” and the corresponding SAED pattern of
e ZnO nanowire shown in (b) and its corresponding SAED pattern (inset).

nal phase of the ZnO [15]. The presences of Raman active
2 mode in all the spectra affirm that all the grown products
n different substrates (from A to C) have wurtzite hexago-
al structures [15]. Two weak peaks in the range of 330–331
nd 378–379 cm−1 are also observed, which are assigned to be
s E2H–E2L (multi phonon process) and A1T modes, respec-
ively [15,16]. No peaks for E1L mode are observed in all the
pectra. The appearance of E1L mode in the Raman spectra is
onsidered due to the crystal structural defects and impurities
uch as oxygen vacancies, zinc interstitials, etc. [17,18]. Hence,
he appearance of high intensity, sharp and dominated E2 mode

ith the absence of E1L peak in the Raman spectra substanti-

tes that the ZnO nanostructures grown in different temperature
ones are good in crystal quality with hexagonal wurtzite crystal
tructure.
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ig. 5. Raman scattering of different ZnO nanostructures grown on the substrate
a) A, (b) B and (c) C placed in the different temperature regions.

Fig. 6 shows the corresponding room temperature PL spec-
ra for the ZnO nanostructures grown on the substrates of A,

and C. All our synthesized ZnO nanostructures at differ-
nt temperature zones exhibit only a sharp and strong peak in
he UV emission at 379 nm while no other peak is detected.
he UV emission, known as near-band-edge emission (NBE)

s originated from the recombination of free-exciton through
n exciton–exciton collision process, while the green emission,
lso known as deep-level emission appears due to the radial
ecombination of a photo-generated hole with a singly ionized
harge state of the specific defect (oxygen vacancies) [8,19].
n general, it is known that the green emission is caused by

tructural defects, oxygen vacancies, interstitials of zinc, impu-
ities, etc. [9,20]. Therefore, the appearance of a sharp and
trong intensity NBE emission and no green emission indi-
ate that the as-grown ZnO nanostructures have a good crystal

ig. 6. Room temperature PL spectra of different ZnO nanostructures grown on
he substrate (a) A, (b) B and (c) C placed in the different temperature regions.
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uality with excellent optical properties. These PL results are
onsistent with the Raman study. Due to the excellent optical
roperties of the grown structures they are highly applica-
le for the fabrication of nano-optoelectronic devices in near
uture.

.3. Growth mechanism of the ZnO nanostructures

On the basis of obtained results, we can reason out the pos-
ible growth steps for the formation of different types of ZnO
anostructures in the different temperature zones inside a sin-
le reactor. Neither a metal catalyst was used for synthesis nor
etected from the grown products; hence a vapor–solid (VS)
echanism [6,9,16] has been referred for the grown nanostruc-

ures in our synthesis rather to the widely used conventional
apor–liquid–solid (VLS) growth process [21]. The ZnO nanos-
ructures in this synthesis were formed onto the substrate through
simple chemical reaction:

n (g) + 1/2O2 (g) → ZnO (s)

In our experimental condition, as the boat containing the
etallic zinc powder was arranged in the temperature ranges

etween 480 and 600 ◦C, which provide sufficient temper-
ture for the evaporation of metallic zinc powder (m.p. of
n = 419 ◦C). The growth of ZnO nanostructures can be divided

nto two parts, i.e. nucleation and growth. Initially, when the
emperature of the furnace reaches to the desired value above
he melting point of zinc, the zinc atoms start to evaporate
rom the metallic zinc powder and deposit onto the substrates
laced above the source material. The substrates are then coated
ith the metallic zinc layer but when the oxygen is intro-
uced into the reactor, the deposited zinc starts to be oxidized,
rranging with proper cation–anion coordination and forming
he ZnO nanoclusters on to the substrates. The newly coming

olecules (zinc atoms and oxygen), from the continuous sup-
ly of the reactants, may start to deposit onto the previously
ormed ZnO nanoclusters, which leads the growth of various
anostructure. The zinc and oxygen molecules arranged in such
manner that the lattice fringes of the structures become con-

inuous without any grain boundary and crystal defects. It is
vident from the HRTEM image (Fig. 4(c)) that no stacking
ault or any kind of structural defects exist in the deposited
anostructures. Structurally, the ZnO is a wurtzite polar crys-
al containing the O2− ions which arranged in hexagonal closest
acking while the Zn2+ ions lying within a tetrahedral group
f four oxygen ions. So the zinc and oxygen ions are arranged
n a fourfold tetrahedral coordinated manner and stacked along
he c-axis, alternatively. ZnO has positively charged (0 0 0 1)-Zn
erminated and negatively charged (0 0 0 1)-O polar surfaces,
n which the (0 0 0 1)-Zn surface is chemically active for the
rowth of nanostructures while (0 0 0 1)-O is inert. According
o the lowest energy principle, the surface energy of the (0 0 0 2)
acet is lowest hence the growth velocity along the [0 0 0 1] is

aster [16]. Therefore the growth along the [0 0 0 1] direction is
dominated growth facet compared to other growth facets. In

ur synthesized ZnO nanostructures reported here are exhibit-
ng a preferential growth in the [0 0 0 1] direction which was
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onfirmed by the HRTEM, XRD and SAED patterns. Addition-
lly, it is also observed that the substrate temperature play an
mportant role for the deposition of different kinds of nanos-
ructures in a single reactor. Our experimental results show that
articular type of nanostructures can be obtained in a specific
emperature zone and it may be possible to tailor a specific type
f ZnO nanostructure by the tuning of the reaction tempera-
ure [12–15]. However, it is not completely understood yet that
hy the substrate temperature has such a great influence onto

he morphologies of the deposited products. Finally, more stud-
es are needed to understand the complete growth process for
he formation of different types of ZnO nanostructures. Fur-
her experiments are underway and will be reported in another
rticle.

. Conclusions

In summary, we have successfully synthesized different
ypes of ZnO nanostructures such as needle-shaped nanowires,
anorods and nanosheets containing the nanowires at the tem-
erature range between 480 and 600 ◦C by the simple thermal
vaporation approach using the metallic zinc powder in the
resence of oxygen without the use of catalyst or additives. It
s observed from our experimental results that the local sub-
trate temperature is an important parameter for the growth
f nanostructures and a particular type of ZnO nanostructure
an be grown in a specific temperature zone. The detailed
tructural studies confirm the single crystallinity with a hexago-
al wurtzite phase and preferential growth along the [0 0 0 1]
irection for the deposited ZnO nanostructures. The appear-
nce of high intensity, sharp and dominated E2 mode with the
bsence of E1L mode in the Raman spectra indicates that the
s-grown ZnO nanostructures are good in crystal quality with
he wurtzite hexagonal structure. Additionally, sharp and strong
V emissions with no green emission in the room-temperature

L spectra indicate that our grown ZnO nanostructures
ave excellent optical properties and are promising for the
abrication of efficient nano-optoelectronic devices in near
uture.
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