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The ZnO nanowires synthesized by vapor-liquid-solid growth mechanism with Cu and Au as the
catalyst were investigated. The principal differences in morphology between Cu and Au catalyzed
ZnO nanowires are observed and lead to significant differences in their field emission and
photofluorescent characteristics. The Cu catalyzed ZnO nanowires with a high-quality wurtzite
structure were grown vertically op-type S{100 substrate along0002 direction. A strong
ultraviolet emission at 381 nm is observed. These ZnO nanowires show excellent field emission
properties with turn-on field of 0.83 Wm and corresponding current density of 28/cm?. The
emitted current density of the ZnO nanowires is 1.52 mA/ata bias field of 8.5 \km. The large

field emission area factog arising from the morphology of the nanowire field emitter, is partly
responsible for the good emission characteristics. The ZnO nanowires with high emission current
density and low turn-on field are expected to be used in field emission flat panel displ&004©
American Institute of Physics[DOI: 10.1063/1.1655685

I. INTRODUCTION II. EXPERIMENT

Since carbon nanotubef€CNTs) were discovered in Before the VLS process, a Radio Corporation of
1991} the worldwide nanotechnology research has beemmerica method was used to cleprtype S{100) substrate
quite extensive on one-dimensionélD) nanostructures, and put the substrate in ultrasonic bath of acetone for 30 min.
such as CNTs, oxide nanobeltsr nano ribbong? and  This process can remove the native oxide from the surface of
nanowires —® These fascinating structures have drawn muchSi substrate. After the cleaning procedure, thin films of Au
attention because of their interesting growth mechanism&nd Cu were deposited on(800) substrate by rf sputtering
physical properties, and applications in the electro-opticaf13-56 MH2 under 10 mTorr Ar atmosphere using 30 W for
nanodeviced ! Optical explorations of these nano- 15 s. The thicknesses of Cu and Au thin films were about

structured materials are focused on the field emission anG0—100 A. This metal layer acts as a catalyst for ZnO nano-

photoluminescencéPL) characteristics. In general, there are Wire growth. _ _ 2
three nanowire growth mechanisms: vapor-liquid-solid _ 1he ZnO nanowires were synthesized by VLS protess

(VLS) growth mechanisn¥ metalorganic vapor phase epi- with temperature in the range of 750—-950 °C. A quartz boat
taxy depositiort? and template methotf. Among these was filled with a mixture of ZnO and graphite powder and

growth mechanisms, the metal catalytic VLS growth mechal02ded in & horizontal quartz tube furnace with an inner di-
eter of 7.62 cm. A precisely controlling carrying gas flow

nism provides a cheap process for large-area deposition o
nanowire array, ZnO, a direct band géh37 eV) semicon- pattern(CGFP method was employed to control the growth

i i . . . process of ZnO nanowires. For such CGFP method, the car-
ductor_ with excnpn b|nd|n_g energy of 60 meV, IS a SUItat.)lerier gas outlet was put into the center of the horizontal fur-
material for optical application. Several previous studlesnace and was below the quartz boat about 0.5 cm. The dis-
ha\{e ;hown that Zn0O nanowires ?Xh'b't §trong uv las_ertance between gas outlet and the center of quartz boat was
emission, which can be used in luminescent devicgypqt 75 cm. The rate of increase in temperature was 150 °C/
applications*~** In our study, the ZnO nanowires are Syn- min under high purity AX99.998% atmosphere with the gas
thesized by the VLS process with €and Au as the cata- fiow rate from 20.0 to 100.0 cifs. Besides, we also used
lysts in Ar atmosphere op-type S{100) substrate. The mor- general VLS method for the preparation of some Au cata-
phology, structural, composition, photoluminescence, angyzed znO nanowires for which the gas outlet was located
field emission characterizations of these nanowires were ehove the quartz boat and other growth conditions were the
amined. same as the CGFP method. These two different gas con-
trolled methods were employed to study the effect of synthe-
Author to whom correspondence should be addressed; electronic maifiS ON the structure and property of the ZnO nanowires. In a

tseng@cc.nctu.edu.tw separate experiment, the Si substrate with metal film was put
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in the furnace with the same heating procedures as the VLS
process we used. The appearance of such Si substrate surface
before VLS growth was observed by atomic force micros-
copy (AFM, Digital Instrumen}. The crystal structure of the
nanowires was studied by x-ray diffractiodRD, MAC Sci-
ence, MXP18, JapanThe morphology of the ZnO nanow-
ires was analyzed by field emission scanning electron mi-
croscopy (FE-SEM, Hitachi S-4700l, Japanand high
resolution transmission electron microscdpiRTEM, Phil-

ips tecani-20. The chemical composition of the ZnO nanow-
ires was characterized by Auger electron microprgbgsS,

VG Scientific Microlab 350, UK A photoluminescence ana-
lyzer (PL, Hitachi F-4500, Japarwith Xe lamp as an exci-
tation sourcg320 nm was used for optical studies at room
temperature.

For field emission characteristic, an indium tin oxide
glass(16 /1, RITEK Co., Taiwan anode was placed at a
distance of 32Q:m from a tip of ZnO nanowires. A Keithley
237 source-measure unit was used for measuring the
current—voltage I(-V) and field emission characteristics.
Field emission measurements were carried out in a vacuum
chamber with a pressure of<110 ° Torr at room tempera-
ture.

Ill. RESULTS AND DISCUSSION

Figure 1 shows that the surface morphology of Si sub-
strate with Au thin film after heating process is an irregular
island structure. However, the surface configuration of Si
substrate with Cu thin film is an ordered square or hexagonal
island structure. The different surface morphology of catalyst
film will affect the distribution of the ZnO nanowires on the
Si substrate, which will be described in a later section.

Figure 2 shows the proposed VLS growth mechanism of
ZnO nanowires. There are at least four different stages in- ) L i

. . . . LT FIG. 1. AFM images of théa) Au and(b) Cu thin film surface after heating
volved in the formation of ZnO nanowires: metal thin film process.
deposition, catalytic nanoparticle formation, nucleation of
ZnO and epitaxial growth of ZnO nanowires. In this experi-
ment, the Cu and Au form the nanosized metal droplets.

As the temperature is increased to the reaction tempera-
ture, the ZnO was reduced by graphite and §OThe cor- microstructure of the ZnO nanowires synthesized with Au
responding chemical reaction can be expressed as follows:and Cu by CGFP method. FiguréaB illustrates the mor-

phology of the ZnO nanowires grown with Au as the cata-

ZnQg)+ Ci5—ZN(g)+COyy) , @) lyst. Randomly distributed hexagonal pillars exist on the Si
COyg)+ZNOys)— COygy + ZNg) - 2) substrate. The lengths of these nanowires -akeum and
diameters are in the range from 20 to 30 nm. The morphol-
ogy of the nanowires synthesized with Cu as the catalyst is
&hown in Fig. 8b). The ZnO nanowires are well aligned on
the Si substrate with a length of /m and diameter of 50
nm. But the morphology of Cu catalyzed ZnO nanowires is

The gaseous products produced by reactidnsand (2)
would adsorb and condense on the catalytic droplets. Subs
quently, the following reactioig3) is catalyzed by the metal
droplets at solid—liquid interface

Zng)+ CO4—2ZNn0O)+ C), 3 quite different from that of Au catalyzed nanowires. This is
5 due to the different liquefaction temperature of the catalytic
Cis)+COyg—2CQy) - (4) metal. As the temperature rises in the VLS process, Au—Si

As the substrate temperature decreases, the metal drogloy droplet formed rapidly on the Si substrate because of
lets form the spherical caps in front of the ZnO nanowiresthe low eutectic point360 °Q?° of the Au—Si alloy. There-
Sometimes these droplets will be burnt away for the longefore, the surface of the Au film is the larger irregular island
time VLS process. The substrate surface indicated a light ostructure and the orientation of Si substrate affects the
dark gray color after reaction. growth direction of the ZnO nanowires. When the Cu is em-

The SEM photograph§Figs. 3a) and 3b)] show the ployed in the VLS process, Cu—Si alloy droplets are hard to
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ZnO (a=3.253 A). Consequently, the ZnO nanowires can
vertically grow from Cu layer on the Si substrate with CGFP
FIG. 2: Schema}t_ic illustration of VLS_nanowire growth mech_ani(sah method.
nmuectfelz:t'ilg]n?g)pgszig;?)g%(ﬁ*_nanOpart'des formatioft) absorption and The XRD patterns of ZnO nanowires synthesized with
Au and Cu as the catalysts are shown in Fig. 4. As seen in

the Fig. 4a), there exist weak diffraction peaks identified as
. . R (100 and (002 of the ZnO nanowires synthesized with Au
form on the surface for the high eutectic po(Bt_)Z O of as the catalyst, which is attributed to the random and disor-
Cu-Si alloy. The surface of the Cu.catalyst film has MaNYyered distribution of the ZnO nanowires dispersed on the Si
ordered square and hexagonal Cu island structures and t@ﬁbstrate[Fig. 3(a)]. When the CGFP method was adopted
lattice parameter of Cua(=3.215 A) is close to that of the the ZnO nanowires had highé902 peak intensity. Further- '
more, the ZnO nanowires also have excellent prefe(@6a)
orientation of Fig. 4c) when replacing the catalyst from Au
to Cu by the CGFP method. The appearance of well crystal-
lized and vertically directed nanowires was also demon-
strated on a SEM photograph in FigbR

The HRTEM image of Cu-catalyst nanowires shown in
Fig. 5 indicates the lattice fringes alofig002] direction of
the ZnO nanowires. The spacing of the lattice fringes along
the ¢ axis of the ZnO nanowire is-5.21 A, which is identi-

FIG. 5. HRTEM image of Cu catalyzed ZnO nanowires. The selected area
FIG. 3. FE-SEM photographs f¢a) Au and(b) Cu catalyzed ZnO nanow- electron diffraction(SAED) pattern is shown in insd®), while bright view
ires synthesized op-type S{100 substrate with adopting CGFP method. image for sidewall of the ZnO nanowires, is indicated in inet
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FIG. 6. Typical AES spectrum of Cu catalyzed ZnO nanowires. 6

(b)
—o— Vertical growth

. . . with Cu catalyst
cal to the recorded pattern in International Centre for Dif- o Approx. vertical growth

fraction Data—Joint Committee on Powder Diffraction Stan- with Au catalyst
dards No. 80-0075 of ZnO bulk material. The selected area 41 —.— Random growth
electron diffraction(SAED) pattern is shown in the inset of . with Au catalyst
Fig. 5(@). The direct beam is alon@00), and the diffraction -
pattern of the ZnO nanowire reveals that this nanostructure is _::5
single crystalline. After diffraction pattern analysis, the in- 3
dexed zone axi$002), (020), (022 can be labeled. The re- 2
sult demonstrated that the Cu catalyst-assisted fabrication of
ZnO nanowires leads to perfect wurtzitecp) crystalline
structure. In Fig. ), the bright view image showed the
smooth sharp sidewall of the ZnO nanowires, which also
proved the CGFP method is helpful in controlling the mor-
phology of the ZnO nanowires. 2
Figure 6 depicts the AES spectrum of the ZnO nanow- hv (eV)
ires, indicating that the chemical compositions of the ZnOgg. 7. (3 PL spectra of the ZnO nanowires grown on fhéype Si sub-
nanowires have two major elements, Zn and O, and one mitrate.(b) Tauc's plot of the ZnO nanowires grown on tpetype Si sub-
nor contaminant, C. Three strong intense signals of Zn arélrate.
located at 833, 913, and 991 eV, two signals of O are located
at 488 and 510 eV. The weak C signal peak at 273 eV ivacancies in these ZnO nanowires that are synthesized with
derived from the carbothermal route adopted for the syntheCu as the catalyst under the control of the CGFP method. It
sis of the ZnO nanowires. After noise calibration and inte-is easy to perceive the contrast between the PL spectra of
grated calculation, the Zn and O atomic ratio is around 1:1ZnO nanowires synthesized with Cu and Au as the catalysts.
which is identical with transmission electron microscopy-That is, a little wavelength shift, from 381 to 368 nm, exists
energy dispersive spectroscopy analysis result. in the spectra of the shorter lengtB um) and randomly
Figure Ta) depicts the photoluminescen¢@L) spectra  distributed nanowires synthesized with Au as the catalyst.
at room temperature of the ZnO nanowires which were synThis is because of the rare catalyst materials, such as Cu and
thesized with Cu, and Au as catalysts by the CGFP methodu, which diffuse in the ZnO nanowires and serve as the
and with Au as the catalyst without the CGFP method, retecombination centers. In order to realize the relationship
spectively. According to the figure, a strong UV emissionbetween the impurities and the optical characteristics, the
(~381 nm and weak green emission-501-570 nm are  absorption coefficient measurement was taken, and the opti-
observed in the PL spectrum of the ZnO nanowires syntheeal band gap of the ZnO nanowires was calculated by
sized with Cu as the catalyst under the control of CGFPTauc’s” plot [Fig. 7(b)]. By the Taué? equation, the optical
method. The strong UV emissian-381 nn) is due to the band gap Eg) can be determined from the intercept of
near band edge emission of the wide band gap of ZnO, whiléahv)¥? vs hv plot, wherew is the absorption coefficieni,
the weak intensity of green emissi¢r501-570 nmis as-  is the Planck constant, ands the frequency of radiation. As
cribed to the singly ionized oxygen vacancies in Z#O. shown in Fig. Tb), the Tauc plot provides an estimate of the
Therefore, we can suggest that there should be a few oxygesptical band gaps of these ZnO nanowires. Of those, the ZnO

6
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0.20 - emission area factop usually depends on the geometry,
—o— Vertical growth using Cu catalyst structure, tip size and number densities of the ZnO nanow-
|~ Approx. vertical growth using Au catalyst ires grown on the substrate. Our Cu catalyzed ZnO nanow-
—/=— Randomly growth using Au catalyst . T Y . T

I ires exhibit higherB value (that is, larger field emission ef-
ficiency) than other reported ZnO nanowifé¢8=847) and
CNTE’ (B=1.1X10°) mainly because of their vertical
growth, better crystalline structut€ig. 4) and lower density
(Fig. 3. On the other hand, the field-adjustment factgr
which is an index, determined the ability to enhance local
field from the field emission tips. In our experimeatyalues
are 1.2 1075, 0.92<10 ° and 0.88 10 ° for Cu cata-
lyzed ZnO nanowires and Au catalyzed ZnO nanowires with

—

015

10

F-N Plot of three
kinds of
ZnO nanowires

(=]

-

o
¥

Emission Current (mAIcm2

0.05} and without adopting the CGFP method, respectively. This
i T a—) result indicates that value for Cu catalyzed ZnO nanowires
10V (V) is larger than those of Au catalyzed ZnO nanowires, which
il means that vertical growth tips of the ZnO nanowires have
0.00 ErTEr A e R . ]
0 0.4 0.8 1.2 better ability to enhance local field.

On the basis of Fig. 8, the turn-on field of Cu catalyzed
Electric Field (V/um) ZnO nanowires is 0.82 Ym at current density of 25.0
FIG. 8. Field emission characteristics of the ZnO nanowires grown onuA/cm?. The emission current density is 1.5 mAfat an
p-type Si substrates. The inset reveals the FN plots of the ZnO nanowiresapp”ed field of 8.5 V4m. The turn-on fields and correspond-
ing current densities for Au catalyzed ZnO nanowires with
and without adopting the CGFP method are 0.92/ 4/ 13.0

2 2 -
nanowires, which were synthesized with Cu as the catalygtA/cm” and 0.97 Viim, 12.7 uAlcm, respectively. Our Cu

by the CGFP method, have the smallest optical band gaﬁgtalyzed ZnO nanowires exhibit lower turn-on voltage and
with 3.24 eV. The Au catalyzed ZnO nanowires without igher emission current densities than the ZnO nanowires

adopting the CGFP method have a 3.45 eV optical band gagynthesized by Lee's research grdtipvhich were about 6.0

The largest optical band gap is obtained for the ZnO nanowY/#M and emission current density of 1.0 mAfcat a bias

ires synthesized with Au as the catalyst by the CGFP methodi€ld Of 11.0 Vium, respectively. These results illustrate that
having 3.52 eV. It is known that the shorter optical band gaﬁhe ZnO nanowire array is sufficient for flat panel field emis-
is responsible for the longer emitted wavelength. On thesOn display applications in the future.

other hand, the impurities which incorporate in the ZnO

nanowires cause the various optical band gaps and the ulY. CONCLUSIONS

band emission properties. In addition, the randomly distrib- | summary, well-aligned and vertically grown Cu cata-
uted ZnO nanowires synthesized with Au as the catalysfzed ZnO nanowires, which have an excellent wurtzite
without using the CGFP method have the weak UV emissiorstrycture, less contamination and precise chemical composi-
intensity. It implies that the disordered distribution of the tjon, were successfully grown at 750-950 °C by adopting a
ZnO nanowires decreases the UV emission ability of thecGEP method. The ZnO nanowires emitted strong UV at
ZnO nanowires. ~381 nm at room temperature by using Xe la(8@0 nnm) as
Figure 8 displays the field emissidr-V plots for the  the excitation source. The field emission measurements indi-
well-aligned and randomly grown ZnO nanowire array usingcated high emission current density of 1.5 mAfamder the
different metal catalysts. The—V characteristics of ZnO field of 8.5 V/um and low turn-on field of 0.83 \/m at
nanowires grown with different metal catalystsig. 3) fol-  current density of 25A/cm. The Cu catalyzed ZnO nanow-
lowed a Fowler—NordheimFN)?*~?> behavior, which is ires exhibited a higher field emission area factor of about
shown in the inset of Fig. 8 where IR(V) is plotted as a 7.18<10*> and a larger field adjustment factor of 1.21
function of 10/V (FN plot) and characterized by three con- x 10-5 than those values of Au catalyzed nanowires, which
stant slopes of FN plots of Cu and Au catalyzed nanowiress due to the vertical direction growth of Cu catalyzed
using the CGFP method and Au catalyzed nanowires withoy§anowires. Such a vertically grown ZnO nanowire array is a

adopting the CGFP method, respectively. When the worlgood candidate for the future flat panel display applications.
function of the nanowires is known, the field emission area

factor 8 can be obtained from the slope of FN plot. The work ockNOWLEDGMENT
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