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Abstract—=ZnO nanostructures were synthesized over NiO-coated Si substrate by a thermal evaporation of Zn powders
in a vertical chemical vapor deposition reactor. The ZnO nanostructures had a needle-like morphology and the diameter
of the structures decreased linearly from the bottom to the top. The bottom diameters of the ZnO nano-needles normally
ranged from 20-100 nm and the lengths were in the range @ih2-3he clear lattice fringes in HRTEM image
indicated the growth of good quality hexagonal single-crystal ZnO. Field emission characteristics of the ZnO nano-
needles showed that the turn-on field was about 8 @hWith a field enhancement factor of about 1099. The growth
mechanism of the ZnO nano-needles was proposed on the basis of experimental data.
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INTRODUCTION tural and electrical properties of the grown needle-like ZnO nano-
structures were investigated by using various analytic techniques.
Nanoscale one-dimensional materials such as hanotubes and nafitre growth mechanism of the ZnO nano-needles was proposed on
wires have been successfully synthesized and have received muttie basis of experimental results.
attention due to their extraordinary physical properties and potential
application for nanodevices [Yang et al., 2002; Nahm et al., 2003; EXPERIMENTAL
Park et al., 2002]. Owing to exceptional physical properties of ZnO
such as high conductance, chemical and thermal stability, wide band- ZnO nanostructures were synthesized by using a vertical CVD
gap, and high piezoelectric coupling coefficient, it has been studiedeactor depicted in Fig. 1 [Ahn et al., 2002]. The surface of Si (100)
for piezoelectric devices and short wavelength (green/green bluedubstrate (1.5 cmx6 cm) was first scratched with a fine sand paper
electro-optical devices [Zheng et al., 2002; Wang et al., 2002)]. Electo hold NiO well on the substrate and was then sonicated in acetone.
tron field emitters in field-emission flat panel displays (FED) are A solution of 0.01 M Ni(N@),-6H,O dissolved in ethanol was drop-
another potential application area of semiconductor nanowires qoed on the cleaned Si surface. Then NijNEated Si substrate
nanotubes [Zhu et al., 1999; Lee et al., 2002]. Some wide bandwvas dried in an oven for 24 hr. Metal Zn powders (2 g) were loaded
gap semiconductors were reported as good electron field emitteis an inner reactor and then the Nif)@oated Si substrate was
because they have a high mechanical strength, and chemical stahikrtically set up over the Zn source. The inner reactor was placed
ity [Frederick et al., 1999; Chen et al., 2001; Wu et al., 2002; Liu et
al., 2002; Sohn et al., 2000; Kim et al., 2001]. The synthesis of one
dimensional ZnO material has been carried out using various mett
ods such as arc-discharge [Choai et al., 2000], laser vaporization [W
et al., 2002], template-based methods [Zhu and Fan, 1999; Li et a
2000], high temperature physical evaporation [Wang e20al2] Outer
and reduction and oxidation of ZnS [Hu et al., 2002]. Most of the feactor
previous works have reported the growth of ZnO nanowires anc
nanobelts. Recently, relatively few papers [Park et al., 2002; Lee et a
2003; Zhu et al., 2003; Tseng et al., 2003] have reported the growt
of needle-like ZnO nanostructures, and the growth mechanism ¢ Zn
the ZnO nano-needles has not been fully understood in the works Ppowder
In this work, we report the synthesis of needle-shaped ZnO nanc
structures over NiO-coated Si substrate in a vertical chemical vapc
deposition (CVD) reactor. The ZnO nanostructures were grown by
thermal evaporation process of Zn powders ungéoM The struc-

Gasin

—> Gasout

Inner reactor

» Si substrate &
Catalyst Ni(NO;),

Electrical furnace

Thermocouple

"To whom correspondence should be addressed. Fig. 1. A schematic diagram of the vertical chemical vapor depo-
E-mail: nahamks@moak.chonbuk.ac.kr sition system for the growth of ZnO nano-needles.
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in an outer quartz reactor. Nitrogen gas was introduced into the out
reactor through a delivery tube and the temperature of the furnac
was heated to 50C under 20 sccm N99.99%) gas flow. It was
reported that Ni(NG), readily decomposes at ~280to be NiO MAROA T
[Llewellyn et al., 1997]. The growth of ZnO nanostructures was | &%
carried out at 508 under N gas flow. After the growth reaction, ‘
light ash-colored materials were found on the surface of the suk
strate and the materials were uniformly deposited at 2-4 cm dis |
tance between Zn source and substrate. The floygafdNvas main-
tained during the reaction and the reactor was cooled to room ten
perature under the,Mow.

RESULTS AND DISCUSSION

ZnO nanostructures were grown for 60 min at®&Dander N
gas ﬂo_w at diﬁgrent reaction times. Light ash—colored materials Wertsig 3. A typical SEM image of ZnO nano-needles grown at 560
deposited on Si surface and were characterized by using XRD mea-~  for 60 min under N, gas flow.
surements. Fig. 2 shows an XRD pattern of the deposited materials
on NiO coated Si substrate. The spectrum is almost equal to the
typical XRD spectrum of ZnO reported in the previous papers [Leecreases with increasing the length of the nanostructures from the
et al., 2003; Sun et al., 2002]. The spectrum shows peals at 2 bottom to the top to form a needle-shaped structure. The tip of the
31.2, 33.88, 35.64, 47, 56.04, and 62.48 for ZnO (1010), ZnO (0002nO nano-needles is well developed without the formation of metal
ZnO (1011), ZnO (1012), ZnO (1120), and ZnO (1013), respec-or metal oxide tips. EDX analysis also identified the absence of Ni
tively. The diffraction peaks are indexed to be a wurtzite structureor NiO on the sharpened tips. This result proposes that the nano-
of ZnO and the strong intensities of the peaks present the growtheedles grow upward from the substrate surface. The diameter of
of ZnO crystalline. It is not found that there are any other peaks duthe nano-needles normally ranges from 20-100 nm and the lengths
to the presence of unreacted Zn and other impurities except for Sire 3-5um long, though the diameter decreases as they grow.
substrate peak ati233.1, 61.2, 69.132 for Si (002), Si (004) K Fig. 4(a) is a TEM image for the grown ZnO nano-needles. The
and Si (004), respectively [Kim et al., 2001; Boo et al., 2000]. Al
the samples prepared in this experiment showed the similar XRI
patterns, indicating the growth of ZnO crystalline. The ZnO nano-|
structure lattice constants calculated from the XRD data by usin
the Rietveld refinement method were a=3.241 and c=5.,166n-
sistent with those of bulk ZnO (JCPDS 75-0576).

Shown in Fig. 3 is an FE-SEM image for ZnO nanostructures
grown on silicon substrate. The image presents the growth of vert
cally aligned ZnO nanostructures with high regularity and densi
It is interesting to note that the diameter of the nanostructures dk
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Fig. 2. A typical X-ray diffraction pattern of ZnO nano-needles Fig. 4. TEM and HRTEM images of ZnO nano-needles grown at
grown at 500°C for 60 min under N, gas flow. 500°C for 60 min under N, gas flow.
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picture clearly shows the growth of needle-shaped nanostructuresgno-needles after the complete reaction. This is partly demonstrated
which have the largest and smallest diameters at the bottom arwith SEM and TEM observations, which showed no Ni or NiO for-
top of the structures, respectively. A high-resolution TEM imagemation on the tip of ZnO nano-needles. EDX analysis also identi-
was also taken from a single ZnO nano-needle and is shown in Fified the absence of Ni or NiO on the tip of the nano-needles.
4(b). No crystalline defects, such as dislocations and stacking faults, To examine if the reaction of Zn and NiO is thermodynamically
are observed from the image. The spacing of adjacent lattice planésasible, we did calculate the Gibbs free energy of the reaction at
is 0.26 nm, corresponding to the distance between two (0 0 O Zhe growth temperature (5€0).
crystals planes [Yang et al., 2002; Li et al., 2002]. This means that
the preferred growth direction of the ZnO nano-needles is <0 0 0 1>.
Although not presented in this paper, the Raman measurement for The calculated free energy of the reaction w24.0 kcal/mol
the ZnO nano-needles also identified the growth of ZnO by observat 500°C, meaning that the reaction is to progress spontaneously at
ing the E and E (LO) modes of ZnO at 439 and 581 ¢fflivang the temperature. The basic data used in the calculation were ob-
et al., 2003]. Photoluminescence spectra showed the strong UV emigined from ref. [Knacke et al., 1991].
sion peak at 3.3 eV and a very weak green emission peak at 2.4 eV, Summarizing the above experimental observations, the growth
also indicating the growth of good quality ZnO [Park et al., 2002]. of the ZnO nano-needles may be interpreted by the following mech-
It is interesting to note that our grown needle-shaped ZnO nanaanism, fully depicted in Fig.5. NiO nanoparticles are uniformly
structures are different from the shape of previously reported ZnQilistributed across Si substrate surface after the calcinations. When
nanowires [Lee et al., 2003; Wang et al., 2002; Huang et al., 2001Zn vapor passes over the Si surface, the NiO nanoparticles may pro-
Gao and Wang, 2002). In the catalyst preparation process, the calide seeds for the growth of ZnO nano-needles. The arrived Zn vapor
cinations of Ni(NQ), at 500°C under N atmosphere might pro- absorbs into NiO nanoparticles to form a miscible liquid alloy of
duce NiO nanoparticles on Si substrate surface since Mi(BO  Zn-O-Ni at the growth temperature. The fluidization temperature
completely decomposed at ~26D In this experiment, no ZnO  of nano-sized melt particles is considerably lower than the melting
nanostructures were grown on the pure substrate without NiO. Thipoint of bulk metal [Yan et al., 2000]. There, Zn will react with NiO
means that NiO nanoparticles loaded on Si substrate surface playt@ produce ZnO and Ni. Thus produced ZnO starts to precipitate
key role for the growth of ZnO nano-needles, as observed in othesn the bottom of the alloys to form ZnO nanostructures, whereas
nanowires and nanotubes growths. the reduced Ni moves to the surroundings of an NiO nanoparticle
The VLS growth mechanism has been universally employed tainreacted, because the melting point of Ni is lower than that of NiO
explain the growth of various nanowires and nanotubes over trarfLide, 1994]. The reaction proceeds until NiO nanoparticles are all
sition metal catalysts [Bonard et al., 2001; Lauhon et al, 2002]. Irconsumed. The diameter of ZnO nano-needles might be the largest
the mechanism, it was reported that nanosized catalyst providesat the initial step of the growth, but it begins to decrease because of
seed for the growth and the nanowires or nanotubes grow with the reduction of NiO nanoparticle size by the reaction. Similarly,
constant diameter throughout the reaction. In our experiments, hov-
ever, the grown nanostructures showed a reduction of the diamet
as the growth proceeded. Tseng et al. [Tseng et al., 2003] observ: 1 Zn (v)
the growth of needle-like ZnO nanostructures over Ga-doped cor :

ductive ZnO film and explained that the reduction of the ZnO nano: V
wire diameter is due to the decrease of the amount of reacting sp ||-
cies (Zn or oxygen) supplied to reacting system during the reac

tion. In this growth system, Zn powders were placed in the reactol
but no oxygen was introduced into the reactor during the growth ~ Metal catalysts Liquid alloys
Lyu et al. [2002] and Dai et al. [2002] reported the growth of ZnO

nanowires without the supply of oxygen at similar growth condition. ~ § %" ™ NiO Ni

The literature suggested that the oxygen originates from moistur -
or oxygen remaining on the inside reactor wall. However, our experi Y —
ment showed no growth of ZnO without NiO nanoparticles on Si I I

surface. This means that oxygen in NiO can be an effective sourc
to form ZnO. Although there are some reports on both transitior Nucleation Nano-needle growth
metals and metal oxides such as Ni, Fe, NiO, FeO, etc., showing
good catalytic activity for the growth of semiconductor nanowires
[Bonard et al., 2001; Lyu et al., 2003], it is assumed that NiO nano
particles can directly participate in our growth of ZnO nano-nee-
dles. The size of NiO nanoparticles might be reduced due to th
reaction with Zn by somehow. As the reaction proceeds, the amoul
of NiO nanopatrticles decreases, whereas the length of ZnO nani
needles increases. In other words, NiO nanoparticles decrease
size as the reaction proceeds. Simultaneously, the diameter of Zn
nano-needles will reduce and consequently disappear from the growifig. 5. The proposed growth mechanism of ZnO nano-needles.

Zn+NiO<=>ZnO+Ni

Termination of

nano-needle growth
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the nano-needles diminish in diameter with the reaction and havé). This result indirectly demonstrates that the amount of NiO de-
sharpened tips. The growth of ZnO nano-needles stops when th@eases as the growth reaction proceeds since Ni is produced by
NiO species are all exhausted by the reaction with Zn. EDX analthe reduction of NiO. It is known that the growth rate of ZnO along
yses at the upper and lower parts of a nano-needle reveal that tf@0 O 1) direction is much faster than the other growing directions
amount of Ni element on the surface of the nano-needle decreasffzan et al., 2001]. The fast growth rate of ZnO nano-needles in-
with moving upward along the nano-needle from bottom (see Figduces that liquid-phase Ni positioned on the surroundings of ZnO

Position 1 (nm)

0 20 40 60 80 100

14

0.1

Intensity (a. u.)

0.014
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. 7. Typical X-ray diffraction patterns of ZnO nano-needles
grown at 500°C under N, gas flow (a) for 30 min and (b)
for 180 min, respectively, with their corresponding FE-SEM

nanoparticles readily flows down the wall of the nano-needles.

Fig. 7(a) and (b) show the XRD spectra for the nanostructures
grown at 30 and 180 min, respectively, with their FE-SEM images.
From Fig. 2 and Fig. 7, it is seen that the morphology of the grown
Zn0O nanostructures changes with the growth time, from short ZnO
nano-needles at 30 min to well-developed nano-needles at 60 min
to micro-crystals at 180 min. The samples grown for 30 and 60 min
exhibit both the NiO and Ni XRD peaks #=23.3 and 44.4, re-
spectively, but Ni peak is only detected from the sample grown for
180 min. This demonstrates that our proposed mechanism reason-
ably explains the growth of the ZnO nano-needles. In order to under-
stand the structural transformation of ZnO nano-needles to the micro-
crystals, the ZnO nano-needles grown for 60 min were further an-
nealed at 508C for 180 min only under Natmosphere without
Zn source. It is seen from Fig. 8 that the nano-needles disappear,
whereas the micro-crystals appear. It seems that the ZnO nano-nee-
dles grow until 60 min growth time when both Zn source and NiO
exist in the reactor, but the nano-needles thermally treated at the
temperature without Zn source and NiO (after 60 min) begin to de-
compose or aggregate to be micro-crystals because of the termina-
tion of the growth reaction. This means that the growth of ZnO nano-
needles is over at about 60 min in this growth condition and the ex-
tended growth time (180 min) at 5@ results in the formation of
ZnO micro-crystals by the aggregation or decomposition of the nano-
needles due to the thermal effect.

Field emission characteristics were investigated for the ZnO nano-
needles. The field emission characteristics were obtained in a vac-
uum chamber at 10Torr. Gold-coated indium tin oxide (ITO) glass
was used as an anode plate and the distance between ZnO sample
and the anode glass was maintained to b@uiBly using an alu-
mina spacer. Fig. 9 shows the field emission current density from the
ZnO nano-needles cathode as a function of the applied electric field.

film 5.0kV 4.2mm x50.0k SE(V) 5/22/03

Fig. 8. A SEM image of ZnO nano-needles after annealing at 500
°C for 180 min under N, atmosphere.
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