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Optical and field emission propertiesin different nanostructures of ZnO
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ZnO nanostructures with different morphologies eanotetrapods, nanorods, nanocombs
and nanoaeroplanes has been fabricated by evaporati pure zinc powder without
catalysts in the temperature range of 400~8Q00 The structures and properties of
obtained products were examined using scanningtreteanicroscopy, transmission
electron microscopy, selected area electron diiffsac X-ray diffraction, room
temperature photoluminescence and field emissibatdluminescence spectra showed an
ultravoilet-green emission and strong orange—-reidgan peaks at room temperature. The
field emission studies of the as grown nanocomisaled that threshold field, required to
draw a current density of ~1.0 pA/éris ~ 1.4 Vim. An emission current density of
~9.05 pA/cm? has been drawn from nanocombs at an applied ieldattd of ~ 1.92
V/um. The field enhancement factor found to be ~80Bficating that the electron
emission from nanometric dimension of the emitBurch, ZnO nanostructures are likely
to be candidates as building blocks for constrgcgihotonic and flat panel display.
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1. Introduction

In the present scenario, metal oxides and theiostanctures have emerged as vital class
of materials with a prosperous spectrum of propsrtand immense potential for device
applications. This includes transparent electrotigg)-electron mobility transistors, gas sensors,
photovoltaic and photonic devices and hydrogerag®mpplications. In addition, wide-band gap
oxide semiconductors have come to the forefrotihénpast decade because of an increasing need
for short wavelength photonic devices, high-poviegh-frequency electronic devices [1]. While
many efforts have focused on BiCCuG, and SnQ@ other wide band gap materials in particular
ZnO is now emerging as potential materials forgheve applications. Zinc oxide (ZnO) a wide-
band-gap II-VI semiconductor has the direct bar afeabout ~3.37 eV at room temperature with
high excitonic binding energy (~60 meV), is weltognized functional material suitable for
various applications such as optoelectronic, thar s@ll and so on [2-5]. ZnO is also a promising
material in nanotechnology applications, for exampl electronics, field emission and hydrogen
storage. In the past few years, extensive effat®lbeen paid on the synthesis and to understand
the growth parameters ZnO nanostructures such awrods, nanowires, nanocombs,
nanotetrapods, nanobelts and nanorings due toithiartance both in scientific and technological
aspect. Nanostructured ZnO have been synthesizedrinyus methods, such as chemical vapour
deposition [6], laser ablation [5], molecular beapitaxy [5] or a simple method just by heating
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Zn powders with or without catalyst [8, 9]. The duned thermal evaporation and vapor
transport method is a promising and most frequamglyd due technique to the high yield, easy
scalability and low cost [9-16]. It has been shothat ZnO nanomaterials (e.g. nanorods,
nanowires, nanocombs, nanotetrapods, nanobeltgamulings ) can be obtained by varying the
deposition conditions in relatively ease way. Hoareyprecise control for the yield of desired ZnO
nanomaterials synthesis remains a big challengermid evaporation technique is a powerful
technique for the synthesis of various ZnO nanosired. Some delicate hierarchical ZnO
nanostructures with 2-, 4- and 6-fold symmetriegehalso been obtained [17-18]. Wang and co-
workers have successfully fabricated a variety mOzhanostructures by high-temperatuz@50
°C) vapour transport and condensation (VTC) processg ZnO powder as the source material
[13]. The structure of ZnO can be described as mbeu of alternating planes composed of
tetrahedrally coordinated?0and Zii* ions stacked along theaxis. The oppositely charged ions
produce positively charged (00.1) Zn-polar and tiegly charged(00.1) O-polar surfaces,
resulting in a normal dipole moment and spontan@aolerization along the-axis [19]. Due to its
hexagonal wurtzite structure, in which the threstdat growth directions, <0 0.1>, <0 1.0>and
<21.0>, and its polar crystal surfaces exist, Zn@ilgts a large family of nanostructures [20]. In
addition to the conventional nanowire and nanobeglictures, a diverse group of novel ZnO
nanostructures has been discovered recently, swchnamocages [21], nanorings [22],
nanohelixes/nanosprings [23], nanobows [23], natxdi[24], nanotetrapods and Nanocombs
[25,26] etc. These novel nanostructures not amdjcated that ZnO contains probably the richest
family of nanostructures among all materials, ithbstructures and properties, but also provided
valuable models in understanding crystal growth magsms in nanometre scale and exhibited
high potential for fabricating novel nanoelectroaitd optical devices with enhanced performance.
Among all these different structures, ZnO comb kkeictures are of interest for nanocantilever
arrays, laser arrays nanocomb biosensors and ggdf28-31] etc.

In the previous reports, we have succeeded irgtbeith of large quantities of
Zn0O nanorods, nanotetrapods, nanoparticles andloamos by thermal evaporation technique [8-
10]. Here, we report the results of the synthesid properties of various ZnO morphological
structures grown in a tube furnace via the themwalporation and vapor transport method. Novel
ZnO nanostructures have been fabricated such ascoaus, nanorods, nanotetrapods-like
networks and nanoaeroplanes. Photoluminescence thhenas synthesized ZnO nanorods and
nanocombs have also been presented. These ZnOmahaes can be utilized for electronic and
photonic devices, as well as for biosensors fourfstic applications due to their special
morphology.

2. Preparation of ZnO nanostructure

Different ZnO nanostructures have been synthediyetiermal evaporation of Zn powder
at different temperature using different gas flates. Zn powder (Thomas Baker ~325 meshes,
99.9%) was thermally evaporated at ~900-7Q0with different oxygen flow rates. No metal
catalysts or special substrate and vacuum systamuwsged in the present investigation. The whole
setup was then placed into a horizontal tube fundhe ZnO, which was evaporated under
simultaneous flow of @and Ar ambient was deposited in a silica tubengéi@r 3 cm, length 100
cm), which was put in a two-zone furnace. After 1B minutes of evaporation, the furnace was
cooled down to room temperature. The temperatuadignt along the quartz tube was measured
before synthesis, so that the growth temperatudiftefrent nanostructures could be determined.
In different temperature region white-cotton likegucts get formed on the inner wall of the silica
tube and on alumina boat [8-10]. The obtained namctsires were examined using scanning
electron microscopy (SEM Philips XL-20, ESEM TechQuanta 200 attached with EDAX),
transmission electron microscopy (TEM Philips CM-dd HR-TEM Technai 20 3 selected
area electron diffraction (SAED), and X-ray difframeter (XRD Philips PW-1710 and X'Pert
PRO PANanalytical). The photoluminescence (PL) mesament was carried out at room
temperature with a He—Cd laser excited at 325 nm.
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3. Results and discussion

In previous work, ZnO nanotetrapods, nanopartigtesoflowers, aligned nanorods have
been synthesized by the thermal evaporation methibhdut any catalyst and additives [8-10]. It
has been found that novel ZnO nanostructures sschaaocombs, nanorods, nanoaeroplanes,
nanotetrapod-like networks and nanocages could litained by varying the experimental
conditions. The as grown all flux (white cotton dikproduct) was subjected to XRD
characterization for the identification of the ggagructure. X’Pert PRO (PAN analytical) X-ray
diffraction (Cuk;, 35 KV, 30 mA) was employed for structural chaesization. The
diffractometer was calibrated with pure Si powder,(= 3.1353 A). X-ray diffraction (XRD)
confirmed that all nanostructures have hexagonair{¥le) ZnO structure with lattice parameters
of a= 3.249+0.005A and ¢=5.208+0.004A (JCPDS file 36-1451) and the corresponding pattern
is shown of ZnO sample in Fig. 1. No diffractioragdrom Zn or other impurity phases is found
in any samples, confirming that the products amglsiphased pure ZnO.
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Fig. 1 XRD pattern of as- grown ZnO sample.

3.1 Investigation of ZnO Nanocombs

ZnO nanocombs can be obtained in the condition %~800 sccm (standard cubic
centimeters per minute) total gas flow rate an85% fraction of oxygen in the fabrication
through pure zinc powder evaporation without catalt temperature of 800~90C. The as-
synthesized ZnO sample was analyzed by scannimty@bemicroscopy (SEM). Figures 2 (a-b)
shows a representative SEM image of the nanocorabtste. The image shows that all the ZnO
nanocomb are composed of a base (stem) with onerdional ZnO nanorod arrays grown
perpendicularly on one side over the length spaheftem. The formation of ZnO nanocombs at
the site near the source material is in very gagrée@ment with the previous reports [32]. The
variation in the width of the stem of the nanoconals been found to range from ~3u% to ~5
pm and length of the nanocomb is up to several aénsicrons. The teeth of combs are normal to
comb-stems and nearly evenly distributed along side of the comb-stem, with an average
diameter ranging from ~65 to 125 nm and length a-Bum. High magnification SEM image
Figure 2(b) shows aligned and nearly evenly spaegubteeth with almost constant diameter and
spacing between the teeth.
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Fig. 2 (a & b) A low magnification and high magodtion SEM image of the ZnO nanocombs, respectively

For further characterization of nanocomb, transimmsslectron microscopy has been
employed (Tecnai 20 GFEIl). TEM image of the comb structure is showiFigure 3. Selected
area electron diffraction as shows in inset of FegB reveals that the comb-stems have grown
along [01.0] and the nanoteeth have grown alongl][0@haracterization by XRD, SEM, TEM
and SAED verified that no Zn particle was obseraethe tips of the synthesized ZnO nanocombs.
This indicates that the synthesized ZnO nanostreciiere self assembled through a vapor-solid
(VS) mechanism, instead of the vapor liquid sold.$) mechanism. Due to the intrinsic
properties, it is easy for wurtzite ZnO to growoirnisotropic one-dimensional nanostructure. The
growth habit of crystals is mainly determined bg thternal structure of a given crystal and is also
affected by external conditions such as temperagupersaturation, pressure etc. The growth
habit of the crystal reflects the difference iratele growth rates of different crystal faces.

01.0 e

Fig. 3 TEM image of an individual ZnO nanocomb anthe inset SAED pattern taken from teeth. This
shows the growth of the teeth along [00.1].

In the present investigation, the nanocomb strestimave been fabricated by control of
the vapor phase transport. The growth processeaéelf-assembled nanostructures can be thought
to be comprised of two steps. Initially fast growttturs along [01.0] direction forming the comb-
stems. In the beginning slower growth along [0@itdction on (00.1) surface occurs till the stems
acquires a critical thickness. After some crititdatkness of the stem, formation of ‘teeth’ along
[00.1] direction takes place. The nanocomb fornmati@pends on initial growth condition; low
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concentration of oxygen and somewhat higher tenyeraappears to be conducive for the fast
growth along [01.0] and [11.0] directions. It mag jpointed out that the (01.0) and (11.0) surfaces
are non-polar and will form based on classical thexd crystal growth [27]. The stem formation
will take place through nucleation of embryo atthgupersaturation of a size greater than critical
size. This embryo further grows through the additbf atoms/molecules and a micro base like
stem gets developed. We propose that the actoatlyteading to the formation of nanostructures
takes place through a second growth process wiedeasation of oxygen vacancies leads to the
formation of Zn rich ZnQregions. Schematic elucidating the formation afowmb in terms of
the proposed mechanism is shown in Fig. 4. Inughger part of the picture nearly ordered ZnO
regions on the stem have been outlined. In thesiguart the growth of the teeths (nanorods)
leading to the formation of complete ZnO nanocorab been outlined.

3.2. Formation of nanorods

By varying experimental conditions, large embodyZm nanorods could be obtained. A
representative SEM image of the ZnO nanorods fat&iton alumina boat at ~980 is shown in
Fig.5. As shown in the image, the ZnO nanorodswaak uniform on a large scale. The inset in
Fig. 5 is a high magnification SEM image, whichwldhat the nanorods have hexagonal tip with
the diameter of about 150 to 450 nm. The possitbeviln mechanism of the nanorod is vapor-
solid (VS) mechanism, because no metal catalystsised, in whole evaporation procedure. So
the growth is different from the traditional vagmuid-solid (VLS) mechanism. But the
mechanism of growth of ZnO is still an open questamd needs more study. Many proposed
mechanism have been developed such as constraihe gfores in either mesoporous silicon or
porous anodic alumina, Vander walls interactiofea$ of DC bias and so on. In this work, we
have synthesized ZnO nanorods apparently nucledted self-catalyzed growth mechanism.
Here, we propose a growth mechanism for the Zn@rnoals, where the growth could be separated
into two stages. The first stage is the growth m®zuclei as stoichiometric and later it transforms
to ZnQ, through creation of oxygen vacancies [10].

(a)
O O &00.1)O O O O
(77_0) (01.0)
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f77.0) (01.0)

Fig. 4. Schematic diagram of the formation of Zredecomb.
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The second stage is the growth of £r&0ts as self — catalysts and leads to the formatio
of ZnO nanords along [00.1] direction. By scanningneling microscopy, it has shown the clean
(00.1) Zn faces roughen across two atomic layersoider to stabilize themselves by
nonstoichiometry [25].

Fig. 5 (a & b) low magnification SEM image of theQnanorods and high magnification SEM image,
respectively.

3.3 Formation of ZnO nanoaer oplanes, nanotetr apods-like network

The synthesis of ZnO nanoaeroplanes @artbtetrapod-like networks was carried out in a
conventional horizontal alumina tube furnace. Zpwwder (Thomas Baker 99.99% purity) was
loaded in an alumina boat as source material arsitigoed in the hot zone of the preheated
furnace and simultaneous flow of ow rate (0.5 I/m)], and Ar [flow rate (1 I/mgdmbient. ZnO
nanoaeroplanes aneétrapod-like networks have also been grown sutwésdy varying the
growth conditions. SEM and TEM images of the nang@lanes are shown in figure 6. These
novel structures are called nanoaeroplanes bedhegeshapes resemble the classic triangular
folded paper aeroplane. Figure 6(a) is an ovetaM3mage of many nanoaeroplanes with sizes
ranging from 1 to xm. The typical morphology of a nanoaeroplane issshim figure 6(b). Every
nanoaeroplane is composed of three ‘wings’ havingpmmon axis, and a ZnO nanorods with
diameter of 100-200 nm extending out from the ‘ho3gpical SEM images of the grown
samples are shown in figure 7. In the low magniiicaSEM images shown in figures 7(a), it can
be seen that these tetrapod-like networks are csagpof many tangled ZnO nanotetrapods. The
leg length of each nanotetrapod unit is about dm5and the size of the central nucleus is about
100-300 nm.

The tetrapod-like nanostructures connect with edbkr by joining their legs together to
form a ZnO network. In the growth process of theOZnanoaeroplane, we speculate that the
tetrapod ZnO structures form first under the cdadé of high @ content and high reaction
temperature [36]. As the oxidation process consnuaO or ZnQ@ vapour is deposited on the
four legs of the tetrapod structure along the easy [00.1]. For the different facets of a tetrapod
leg, the speed of ZnO or Zm@leposition is not the same. The growth speed oftwloefacets
parallel to the wing of the nanoaeroplane is trstefst possibly because these facets have more
chance to absorb the ZnO or Zan@pour than other facets. May be these two facae Imore
dislocations than other facets, which can benleditrtucleation of ZnO connecting the two tetrapod
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forms. It should be noted that although these @, Zmmpour. Just like the tetrapod-like structures,
the growth ends of the nanoaeroplane turn thinndrthinner. With the growth proceeding, the

two facets parallel to the wing become bigger aigdydr, and the wings of the nanoaeroplane
come into being. That is to say, the growth plahevo legs of tetrapod-like ZnO nanostructure

connect together gradually to form one wing of dleeoplane. Thus, the four legs of the tetrapod-
like ZnO nanostructure turn into the three wingshef nanoaeroplane. Finally, all the three wings
of the aeroplane form around [00.1], and the nampd@&ne forms in this size a joint.

Fig. 6 (a & b) SEM & TEM image of the ZnO nanotetilp.

The possible growth procedure for typical ZnO teddlike networks is as follows. The Zn
powder changes into Zn vapor during the evaporai@iod and forms Zn or Zn®quid droplets

as the nucleus of the ZnO networks first. Thenlia gnO particle separates from the droplets as
well as the local enrichment in ZnO, and grows gléour [00.1] directions. During the growth
process, the tops of the tetrapod-like unit bectimmner and thinner. But when a critical size is
reached, the periodic knot structure of the ZnQ tamids to come into being, possibly because the
nanowire structure is the most stable structur¢ ZB® knots display periodic structures, there are
small differences among them, such as diameterslemgths which can be attributed to the
variation of experimental conditions (such as terapee, and the flow rate of Ar or,0during

the growth procedure.

Fig. 7(a & b) low magnification and high magnifiga SEM image of the ZnO nanotetrapods-like netywork
respectively.
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3.4 Photoluminescence (PL) of ZnO nanocombs

ZnO exhibits a direct band-gap of ~3.37 eV at raemperature with large exction energy
of 60 meV. The strong exciton binding energy, whglmuch larger than that of GaN (~25meV),
and the thermal energy at room temperature (~26neax)ensure an efficient emission at room
temperature under low excitation energy. As a cgmsece, ZnO is recognized as a promising
photonic material in the blue —UV region. The ligimission characteristic of the ZnO combs has
been investigated by photoluminescence measuremerithese have been done at room
temperature employing a Perkin EImer LS 55 lumirase spectrometer equipped with He-Cd
lamp as the source of excitation and with filte® 3fin. Figure 8 shows a representative example
of photoluminescence (PL) from ZnO sample, whichileixed preponderance of nanocombs like
structure. As can be seen that the PL spectruneseptative of nanocombs exhibits three peaks,
which are located at ~ 380 nm, ~ 428 nm and ~ %90 The ~ 380 nm, peak is well understood to
be related to excitons emission. The broad gread ba~ 500 nm, keeping in view of the known
PL results from ZnO can be taken to originate famfects. However there seems to be no general
agreement on the nature of defects. It has beamntsk be arising due to the interstitial zinc,
oxygen interstitial, oxygen vacancies, donor-acmepmtomplex, surface states etc. Another
somewhat new feature of the PL spectrum obtaindd pvesent investigation is the appearance of
weak broad and blue region emission peak at ~ 428 marked by arrow). The small blue peak is
just adjacent to green band, most likely this Has appeared from oxygen vacancies, which may
lead to different type of gap states than thosegemyvacancies, which are responsible for the
green broad band emission peak. In additioa, pihotoluminescence of the as grown ZnO
nanorod was examined at room temperature.
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Fig. 8 Room temperature photoluminescence (P&gtsp of ZnO nanocombs .

3.5 Field Emission Studies of ZnO Nanocombs

The synthesized ZnO nanocomb was dispersed in mathalowed by ultrasonication
for 5 minutes. A drop of the solution was takenctean silicon flat substrate followed by drying
of substrates under IR lamp for 10 minutes. Theseyathesized ZnO nanocombs coated on
silicon flat substrates (0.5 cm x 0.5 cm) were used field emitters. The field emission
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measurements were carried out in an all-glass ctioral field emission microscope (FEM) tube
assembly consisting of an emitter cathode andrsperent anode comprising conducting coating
and a phosphor layer. The FEM tube was mountednoallametal ultra high vacuum system
comprised of an oil diffusion pump, sputter ion gurand titanium sublimation pump. The
emission sites could be seen directly on the amsodeen, which was held at a distance of 5 mm
from the emitter cathode. After baking the tub@%®°C for 8 hrs, pressure of 1xiGnbar was
obtained with the help of titanium sublimation punifne field emission current—voltage (I-V)
characteristic and the current - time (I —t) resongre carried out at this pressure using a Kgithle
485 picoammeter and a Spellman high voltage dc peweply with proper grounding.

The electric field, (where field is defined E = Vidhere V is the applied voltage and d is
the separation between cathode and anode) reduirgGw a current density of dA/cm? from
nanocomb, is found to be 1.4 V/um. These valuescangparable to those reported for various
ZnO nanostructures having different morphologied also much higher than other reports on
ZnO nanocomb [16]. The total field emission curmensity is estimated to be ~9 08/cm? at an
applied average electric field of ~ 1.92uxi for an emitter to screen distance of 5 mm for the
nanocombs.

Fig.9 (a) show the field emission current densitygs a function of the applied electric
field, E (J-E plot) for ZnO combs. The inset shqwg.9 (b)) the corresponding Fowler-Nordheim
(F-N) plots [In (0/E?) vs (1/E)] derived from the J-E characteristicke TF-N plots are seen to be
nearly linear in nature in the range of applieddBein agreement with the F-N theory [34].The
field enhancement factdr is directly depends on the size of the emitteratig is estimated using
the following equation,

B = (-6.8X 10°¢**)/m (3)

where@ isthe work function of the emitter material (in eMjdam isthe slope of the F-N plot. The
field enhancement factd is found to be ~ 8050 for the nanocomb. The higlhuesaf field
enhancement factor suggests that the enhancemt field is due to the nanometric features of
the ZnO specimenskrom these values, it is clear that the nanocanduperior in field emission
properties as compared to the other ZnO variaAtthough the nanocombs exhibit higher value
of field enhancement factor than the other ZnO sanotures, it has a better control on the areal
density of the nanorods [16-20]. The field electesnission current stability with timé-{) is one

of the decisive requirements for practical appiwa. The FE current stability of ZnO nanocombs
was investigated at a fixed preset value of 20Q(lAg. 9 c) for more than 2 h duration. Initially,
there is a rise in the emission current to 30000 AA, and it remains nearly stable with no severe
fluctuations around the average value. The fluauatin the FE current are attributed to the
adsorption and desorption of the residual gas mtdscon the ZnO nanocombs emitter surface.
The diffusion of the adsorbates on the emitterstipface is also one of the possible causes of
fluctuations. The observddt stability further emphasizes that the ZnO nanocoextsbits good
emission current stability, which can be attributedhigh oxidation resistant behaviour as well as
resistance of the ZnO nanocombs to ion bombardnidm. FE image, recorded during the
measurements (Fig. 9d), displays a single bright.sphe image spot is observed to remain very
stable in size and intensity over the period ofrapen.
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Fig. 9. Field emission from ZnO nanocombs J-E camne (b) inset showing
corresponding Fowler—Nordheim plot. (c) Field ermosscurrent stability for ZnO
nanocombs and (d)shows the corresponding fieldstomisnicrographs for nanocombs.

4. Conclusions

In the present investigation ZnO nanostructures wifferent morphologies have been
fabricated by using pure zinc powder evaporatiorthat temperature range 400~980. The
morphologies of these ZnO nanostructures have hkegastigated by scanning electron
microscopy and transmission electron microscopyhas been found that growth parameters like
temperature, gas flow rate etc. control the diamatel length of the nanorods nanocombs etc.
Photoluminescence spectra and field emission pippgeve also been measured. An emission
current density of ~ 1pA /chihas been drawn from ZnO nanorods at applied et 1.68 V/pum.
The field enhancement factoB)(is estimated to be ~ 8050 for these ZnO comb&s&ZnO
nanocombs and nanorods may be very attractivediomeercial application as electron sources,
and also have impact in applications such as agttrédal devices, microelectromechnial system,
and sensors.
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