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ZnO nanowires with high aspect ratios grown by metalorganic chemical
vapor deposition using gold nanoparticles
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ZnO nanowires with diameters ranging from 20 to 60 nm and lengths in the rangeuB+-tere
synthesized by metalorganic chemical vapor deposition, assisted by colloidal gold nanoparticles
with a diameter of 20 nm dispersed on $ISi substrates. The ZnO nanowires were found to have

a high-internal quantum efficiency and negligibly weak deep-level emission, as evidenced by
photoluminescence measurements. The clear observation of free-exciton and biexciton emission
indicates that the ZnO nanowires prepared by this method are of high qual20® American
Institute of Physics[DOI: 10.1063/1.1883320

ZnO nanostructures have been studied extenstéIyl quantum efficiency and negligibly weak deep-level emission
particular, quasi-one-dimensional ZnO nanostructures sucim photoluminescencé’L) measurements. In addition, free-
as nanowireé nanobelt$ and nanorodshave been a subject exciton and biexciton emissions were clearly observed from
of considerable interest for potential applications in multi-the ZnO nanowires.
functional nanodevices such as ultraviolet nanolasers and A commercially available colloidal solution of Au nano-
nanosensors. A number of groups have reported on the falparticles with an average diameter of 20 nm was spin-coated
rication of ZnO nanowires with high aspect ratios usingonto SiGQ/Si substrates. The substrates for the growth of the
vapor-liquid-solid(VLS) processé's(a'7 and thermal evapora- ZnO nanowires were prepared by three iterations of a “spin-
tion techniqued:®® However, in such methods, high tem- coating and air-drying” onto the SiISi substrates. The
perature processes of over 900 °C are typically required foMOCVD growth of ZnO was carried out on the substrates at
their successful formation. This seriously limits the appli-a pressure of 200 Torr for 30 min. Typical flow rates of
cable substrate materials and enhances thermal strain asdurce materials, diethylzin®EZn), and NO, were 2 and
damage in the structures. Moreover, a deep-level emissiof250 umol/min, respectively. MOCVD-growth tempera-
band is usually observed in ZnO nanowires grown by theures of 400, 550, and 900 °C were employed.
abovementioned methods’ indicating that they contain a Figures 1a) and Xb) show field-emission scanning elec-
number of point defects. tron microscopéFE-SEM images of Au nanoparticles with

ZnO nanorods with very weak deep-level emission,a density of about 4. 10° cm? dispersed on the SiDSi
grown by metalorganic chemical vapor depositionsubstrate and ZnO nanowires grown at 550 °C on the sub-
(MOCVD), have been reported without the aid of a catalyststrate shown in Fig. (&), respectively. Although a number of
at low growth temperature.g., 300-500 °C>'®* How-  Au nanoparticles are lumped together, the dispersion of the
ever, the realization of ZnO nanowires with the high aspecAu nanoparticles on the SyDSi substrate is fairly good, as
ratios of narrow diameteréseveral tens of njnand large  shown in Fig. 1a). Figure 1b) shows uniform ZnO nano-
lengths(a few um ~ a few tens ofum) by MOCVD using  wires entangled on the substrate. The diameters of the nano-
self-assembly is not facilitated because the height and theires were in the range from 20 to 60 nm and their lengths
width of a nanorod structure in the initial stage simulta-were 5-15um, showing their high aspect ratios. The density
neously increases with growth time even though ZnO has af the MOCVD-grown ZnO nanowires shown in Figibl is
preferredc-axis growth property. somewhat comparable to that of Au nanoparticles dispersed

Joet al.recently reported on the formation of ZnO nano- on the SiQ/Si substraté?
wires having an average diameter of 60 nm and a length of As shown in Fig. 2a), the nanowires grown at 550 °C
5-20um on gold(Au) nanopatrticles, which act as a catalyst, are basically comprised of hexagonal facets and ball-shaped
using the thermal evaporation/condensation meffidthis  Zn—Au alloys on the top faces of the nanowires are barely
method is very promising because it permits the density obbserved unlike other reported metal-catalyst-driven VLS-
ZnO nanowires to be effectively controlled. However, a highgrowth methods. In addition, no characteristic peaks corre-
temperaturge.g., 950-1000 °Cprocess is also required in sponding to Au from the top face of the nanowires marked
this method. In this work, ZnO nanowires with high aspectby a circle in Fig. 2a) are evident in the energy-dispersive
ratios were synthesized by MOCVD by means of assistancg-ray (EDX) spectrum shown in Fig.(B).
by Au nanoparticles at a MOCVD-growth temperature of At a growth temperature of 400 °C, vertically well-
550 °C. The resulting ZnO nanowires showed a high-internaéligned ZnO nanorods were formed on the Au nanoparticle-
dispersed substraf€ig. 2(c)]. The heights and the widths of
gpe nanorods are in the range of 540-600 nm and 80-180
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FIG. 1. (a) Plan-view FE-SEM images of Au nanoparticles on a 38 N
substrate(b) ZnO nanowires grown ofe) at 550 °C.

substrate and those on a bare gi8 substrate were ob-
served, indicating that the nucleation of ZnO for the rod §
structure on the SiQsurfacé® governs the entire growth of
ZnO rather than nucleation of ZnO, assisted by Au nanopar
ticles at the growth temperature 400 °C. On the other hand:
flower-like ZnO structures were densely grown at 550 °C OrFiG. 2. (a) High-resolution plan-view FE-SEM image of ZnO nanowires
a bare SiQ/Si substrate without Au nanoparticles. This grown at 550 °C;(b) SEM-EDX spectrum recorded from the top surface
strongly suggests that Au nanoparticles play an importan[t[he point marked by a circle ifg)] of a single nanowire{c) and(d) show

. - - . _Zn0 nanorod$FE-SEM image taken at a tilt angle of 4&ind nanowires
role in the formation of ZnO nanowires at this growth tem (plan-view FE-SEM imagegrown on the substrate represented at Fig) 1

perature of 550 °C. As shown in Fig(d}, ZnO nanowires 4t 400 and 900 °C, respectively) is a FE-SEM image of a tip area in one
with Au-alloyed tips were fabricated on the Au nanopaticle-of the nanowires grown at 900 °C. Scale bar in the inset indicates 50 nm.
dispersed substrate at 900 °C, clearly indicating that the for-
mation of ZnO nanowires by MOCVD at the high growth
temperature of 900 °C is mainly the result of a VLS processtemperatures due to the localization of excitons by impurities
The specific role of Au nanoparticles in the formation of the (especially donops At higher temperatures, usually over 70
ZnO nanowires by MOCVD will be studied in detail in a K. the EX band is predominant because of the ionization of
further study. impurities that are used to bind excitons at low

The optical properties of the nanowires were charactertemperature$! The clear observation of the dominant EX
ized by PL measurements. The ZnO-nanowire sample showand in the emission spectrum, even at a temperature as low
in Fig. 1(b) was used for the PL measurements. The temperads 50 K, as well as the fact that the EX peak remains as a
ture dependencies of the spectra and integrated intensity 8houlder of the BX peak at 10 K, suggests that low levels of
the PL are shown in Figs.(® and 3b), respectively. The impurities were incorporated in the sample. The intensity
peak labeled “EX”(3.375 eV} and another peak labeled ratio (I1o /l300 k) Of the integrated luminescence intensity
“DOX” (3.362 eV can be attributed to free exciton and neu- between 10 and 300 K was 7.6, which is much lower than
tral donor-bound exciton emission, respectively. The emisthe case of ZnO thin films on either Si or /85 substrates
sion bands labeled “EX-1LO and EX-2LO” originate from (in our samples; I14 /130 > 100). It should be noted that
the radiative recombination of the first and second longitudithe integrated luminescence intensity is largely unchanged
nal optical (LO) phonon replicas of free excitons, respec-(10-30 K and the near-band edge emission as a main emis-
tively, considering an energy separation for each emissiosion band(negligibly weak deep-level emission as already
band of about 64 me¥ This ZnO-nanowire sample exhib- mentioned is very strong in all temperature ranges examined
ited a negligible deep-level emission band in all temperaturén the PL measurements. In the above characteristics, simi-
ranges examinethot shown. larly to the previous publication$;*” one may assume that

As mentioned in the first paragraph of this letter, a num-all of the carriers radiatively recombine at 10 K and the
ber of groups have reported the deep-level emission assodhternal quantum efficiency at 300 K is derived by the inte-
ated with point defects in their ZnO nanostructutésvery  gral intensity ratio assg /110 k X 100%). Thus, the inter-
recently, Shalisket al. showed that the size reduction of ZnO nal quantum efficiency of the ZnO-nanowire sample is esti-
nanowires on Si using a mixture of ZnO and graphite pow-mated to be about 13% at 300 K, which is comparable to that
ders as the growth source causes more atoms to be closerab ZnO nanoparticlef’ The clear observation of the EX
the surface, resulting in a surface-luminescefueep-level band even at low temperatures and the high-internal quantum
emission increase at the expense of band-edge emigsitin. efficiency could be due to enlarged surface areas emitting
is noteworthy that most reports on the optical properties ophotons by nanostructuring and the formation of an indi-
MOCVD-grown ZnO nanorods®* and nanowires(this  vidual ZnO nanowire with a lower density of defects, such as
work) point out that the deep-level emission band is verya dislocation, compared with that of a ZnO thin film.
weak, almost negligible, compared with the band-edge emis- Figure 4 shows PL spectra obtained for ZnO nanowires
sion even at RT. From this comparison, it would appear thatinder various excitation densities at 77 K. The PL spectra
MOCVD-growth is an efficient method for producing high- under high excitation were obtained using a mode-locked
quality ZnO nanostructures with less-sensitive surface stategi: Al ,03 laser with a repetition rate of 80 MHz dra 1 kHz

As the temperature is increased, the EX band become®generative amplifie(REGEN. The output pulse of the
dominant compared to the’® band due to the thermal dis- REGEN has a pulse duration of about 150 fs at a wavelength
sociation of donor-bound-excitons. In typical ZnO films or of 796 nm. The pump pulse of 330 nm obtained from an

bulk crystals, the EX band is not clearly observed at lowoptical parametric amplifie(OPA) was used in this experi-
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EX-2LO EX'-1L0 TEX band overlappir?g.the BX band gnd the biexcitqns peing scat-
=0} | N 1 10F ] tered and annihilated by excitons, other biexcitons, and
E M = 10K ] bound exciton$2*

2 x5 % SIo ] In summary, high-quality ZnO nanowires with high as-
@ | 90K x4 2l ] pect ratios were synthesized at a MOCVD-growth tempera-
S[70K x3 Sals ture (550 °O by means of assistance by colloidal Au nano-

3 - S0K _ x2 Dox A g g H 7 particles dispersed on Sj(5i substrates by a spin-coating
01 30K x1.4 == .300K technique. ZnO nanowires with diameters of 20—-60 nm and

10K x1 A L[] P R R P lengths of 5-15um showed a high-internal quantum effi-
32 onl [eV] 34 0 1330”. [?(91] 120 ciency and negligibly weak deep-level emission in addition
(a) oy (b) to a clearly observed EX band even at low temperatures

_ (10-50 K in PL measurements. These promising optical
FIG. 3. (a) Band-edge PL spectra of, at various temperatures, for the Z”O'properties of MOCVD-grown ZnO nanowires can be attrib-

nanowire sampléshown in Fig. 1b)]. With an increase in temperature, the . .. . .
EX band becomes clear, while the intensity of th&XDpeak gradually uted to the formation of an individual ZnO nanowire with a

decreasegb) integrated PL intensity as a function of temperature. lower density of defects compared with that of a ZnO thin
film and enlarged surface areas for emitting photons. The
t EX and BX band learlv ob d in the PL appearance of the BX band originating from the radiative
ment. an ands aré clearly observed In the FL \ocombination of biexcitons provides additional evidence
spectrum excited by a He-Cd I_as_er at 77 K. As the e‘,xc't,?t'orfhat the ZnO nanowires in this study are of high quality.
density increases, a new emission band labeled “BX” ap-
pears at 3.35 eV. The PL-integrated intensity of the EX band  The authors thank K. Kojima and M. Ueda for help in
exhibited a linear dependence on the excitation densitgome of the experiments. This work was partly supported by
(Iex*lgxc-%9), while that of the emission band BX grew Grants for Regional Science and Technology Promotion from
superlinearly with respect to the excitation densitgy the Ministry of Education, Culture, Sports, Science, and
*leyc 3. In addition, the energy separation of the two Technology of Japan.
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FIG. 4. PL spectra measured at 77 K under various excitation intensities. g.g'g.zPhnhps, D. J. Lovering, and G. J. Denton, Phys. Rev4§ 4308

The bottom most curve shows a PL spectrum obtained using a HE25d 2% yamada, T. Mishina, Y. Masumoto, Y. Kawakami, J. Suda, Sz. Fujita
nm) laser. The remaining curves show PL spectra under high excitation aﬁd Sg Fu’jité Phys Iie\} B2 R2289’(1§93 T T '
obtained by a mode-locked Ti: XD laser with a repetition rate of 80 MHz 240 Yamémoto ‘K Miy.ajimai T ’Goto H.J Kc; and T. Yao, J. Appl. Phys

and 1 kHz REGEN with excitation densities df) 0.64 and (b) 9'0 4973(200’])' Y T ' T ' ’

2.02 mJ/cri. A pump pulse of 330 nm was obtained from an OPA.
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