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High-density ZnO nanowire&ZnONWS were aligned onto Au-catalyzed Si substrate through a
simple low-temperature physical vapor deposition method. Scanning electron micrdS&eide
observations, x-ray diffractioiXRD) analysis, and photoluminescence spectra showed that the
ZnONWSs were single-crystalline, with a hexagonal wurzite structure. All of the results inferred from
the SEM observations, the XRD rocking curves, and the Raman spectra for the investigated samples
confirm that the ZnONWSs are well aligned aodxis oriented. The Raman spectra also indicated
that the ZnONWSs on Si substrates are under the biaxial compressive stress. Since it takes the
advantage of low-cost, easily controlled deposition ggak to the selective deposition trait of the

Au layer), potential for scale-up production, and ability to integrate with Si substrate, this technique
has a potential in future for fabricating the ZnONW array-based optoelectronic device200®
American Institute of Physics[DOI: 10.1063/1.1630849

Significant advances in the areas of wide-bandgap semivet-chemistry method may cause a pollution problem on the
conductor nanowiresNWs) growth and fabrication with semiconductor samples and may also be incompatible with
well-defined configuration have been achieved over the pashe conventional semiconductor fabrication techniques. In
few yearst Yang's group pioneered the study of optically this letter, we report that well-aligned ZnONW arrays were
pumped UV lasing from epitaxially grown ZnONW arrays fabricated on the Au-coated Si wafers via vaporizing the
on sapphire substrate®80°0.> Kim et al. reported that metal Zn powders at the low growth temperature of 500 °C.
single-crystal GaN nanorod arrays could be grown on therhe Raman scattering characteristics of the as-growaris-
sapphire substrate via the hydride vapor-phase epitaxyriented ZnONW arrays were also studied at length.
technique’ Nevertheless, sapphire is not conductive and also Synthesis of the ZNONW arrays was carried out in a
relatively expensive. This may pose a serious limitation onyqnyentional furnace with a horizontal alumina tube. In a
the applications of the nanowire arrays in optoelectronic defypical process, an Au layer of 2 nm in thickness was first

vices. In the pursuit of the next-generation semiconducttherma“y evaporated onto the polished side of a(Ti0)

NW-based optoelectronic nanodevices, it would be highlywafer to serve as catalyst. The Au-coated side was faced

desirable if well-ordered nanowires can be directly a“gneddownward on an alumina boat loaded with the Zn powder

on a conductive and low _cost substrate, such as a Si wa_fe surity: 99.999%, at a separation of about 5 mm. The alu-
Unfortunately, the large mismatches in the thermal expansiofT . .

. . . mina boat was then transferred into the center of the tube
coefficients and the lattice constants would introduce rathe{

large stress between the Zr{GaN) and the Si wafer. More- Urnace. Afterwards, the chamber was heated up to 500 °C at

over, this stress is easily aggravated at high temperatur@. rate of 20 OC/T” u?der ahconstant ﬂ(T,W of £99.9% th_
Many previous efforts in preparing the well-oriented 200 SCCM and kept for 5 h. After cooling down, a white
ZnONW arrays on the Si wafer have not reached satisfactor§€POsition layer was found over the Au-coated Si wafer. The

quality because of the large stress at high growth temperatuf@-Synthesized products were characterized by scanning elec-
as well as their chemical dissimilaritiés. tron microscopy(SEM) [Amray FEG-1910 and x-ray dif-

We believe that deposition of high-quality and well- fraction (XRD) [X’pert™ MRD-Philips diffractometelr To
aligned ZnONW arrays on the Si substrates can be achievdfvestigate the crystal orientation, a XRD rocking curve was
by an appropriate selection of the nucleation catalyst and thi&ken. The photoluminescen¢PL) spectra were obtained
growth conditions. In a previous letter, we reported the fieldwith @ He-Cd laser of 325 nm wavelength and measured at
emission properties from well-aligned ZnONWs grown on aroom temperature. The Raman scattering was performed in
Si wafer at a considerably low temperature of 450°8. the near backscattering geometry using an Aaser with a
sol—-gel method was applied to deposit Co nanoparticles opower of 20 mW. The scattered radiation was analyzed with
the Si wafer as metal catalyst to initiate the vapor—liquid—a double monochromator and detected with a liquid-
solid (VLS) growth of the ZnONW arrays. However, this nitrogen-cooled charge-coupled device.

In order to identify the crystal phase of the deposited

dAuthor to whom correspondence should be addressed; electronic maim‘?‘terials- Samples were analyzed by- XRD. The spectrum
yudp@pku.edu.cn [Fig. 1(@)] reveals that the as-synthesized products are the
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FIG. 1. (a) XRD spectrum of ZnONW arrays on §100) substrate(b) The
x-ray rocking curve of ZnONW array|002) plang.

hexagonal wurzite ZnO with lattice constantsaof 3.24 A
andc=5.20 A. The SEM imagegFig. 2 show that the high
density nanowires are vertically aligned to the Si substrate
with a film-like morphologyFig. 2(a)]. The diameters of the
nanowires are in the range of 70 to 100 nm, with lengths of
several micrometers. In the inset of Fidag it is illustrated
that some of the NWs' tips have the hexagonal facets. This
implies that the one-dimension&l-D) growth is directed
along thec axis. Figure 1b) demonstrates that the full width
at half-maximum of the x-ray rocking curve of tH@02)
peak is as narrow as 0.28°. This provides further statistical
evidence that the nanowires are indeed vertically oriented on
the Si wafer preferentially with th@02) plane parallel to the
Si substrate, namely, these nanowires are grown along theG. 2. SEM images of well-aligned ZnONWSs grown on Si substrége.
c-axial 1-D growth direction, which can be explained by thelow magnification image; bar: 10@m. Inset: magnified image of well-
well-known VLS growth mechanisfh.One notes that the aligned ZnONWs; bar: um. (b) High-density WeII-aIig_ned Z_nONWs; bar: _
. . 1 um. (c) The image of ZnONW arrays from an oblique view angle, bar:

oxygen taking part in the process of the ZnO crystal forma- ,m.
tion comes from the residual oxygen in the apparatus.

Low growth temperature is beneficial to acquire the
well-aligned ZnONWSs on the Si substrates, in that the stres§Raman silent and A +E; modes(infrared activ¢. More-
between the ZnONWSs and the Si substrate is reduced sulver, the A and & modes splitinto LO and TO components.
stantially at low growth temperature. Experimental resultsFigure 3 shows that the Raman spectrum of the ZnONW
demonstrate that well-aligned ZnONW arrays are obtained a'rays exhibits only Fand A, (LO) modes at 438 and 581
500°C, while only randomly distributed ZNnONWs were cm ', respectively. The absence of the TO modes could be
formed the growth temperature higher than 550 °C. attributed to the special angle between the wave vector of

The space group of the hexagonal wurzite ZnO belonggphotons and the-axial direction of the wurzite ZnO crystals
to Cg,, with two formula units per primitive cell. According in the near backscattering geometry employed in our mea-
to the group theory, single-crystalline ZnO has eight sets ofurement. The spectrum was recorded with the incident light
optical phonon modes at point of the Brillouin zone, clas- exactly perpendicular to the top surface of the ZnONW ar-

sified as A+E;+2E, modes(Raman activg 2B; modes rays, namely, the incident light is parallel to thexis of the
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FIG. 3. Raman spectrum of well-aligned ZnONW arrays on Si substrate. In summary high-density vertically oriented ZnONW

arrays were fabricated on the Si wafers via a physical vapor
ZnONWSs. In this configuration, only the,Eand A, (LO)  deposition method at low growth temperature. SEM obser-
modes are allowed, while the,ATO) and § (TO) modes Vvations, XRD, and PL spectra demonstrate that the ZnONW
are forbidden according to the Raman selection rules. ThugiT@ys possess a good crystalline character. The nanowires
the absence of the TO modes in the measurements furthBave diameters of 70 to 100 nm and lengths of several mi-
confirms that the ZnONWs are hightyaxis oriented. There- crometers. All of the evidences confirm that the ZnONWs
fore, all of the results inferred from SEM, XRD rocking 7€ well aligned and-axis oriented. The low growth tem-
curves, and Raman data agree with each other. perature of 500 °C is a crucial factor for the production of

In order to estimate the magnitude of the stress betweefigh-auality ZnONW arrays on Si substrates. The Raman

the ZnONWSs and the Si substrate from the Raman spectré,peCtra indicate that the ZnONWSs on Si are under biaxial

we use a model based on the result of Frederic Decremps af§MPessive stress, estimated to be 0.225 GPa. With the ad-
Julio Pellicer-Porre They pointed out that the Emode of vantage of low-cost, easily controlled deposition spot, poten-

the wurzite ZnO crystal would shift to a higher frequencyg"fII fot; stcatle-utﬁ_prtodl:]ct}on, ahnd ab'“tyt to;n;nefg;ate \;V'thft?)e.
under the biaxial compressive stress within thaxis ori- 't.Su SZraO(la\l’W IS tec bnlqug ats a} p? en Iad uture for tabri-
ented ZnO epilayers b w (cm™Y)=4.40 (GPa)’ In our cating 2n array-based oploelectronic devices.

case, the frequency of the,Enode observed in the as- This work was supported by the National Natural Sci-
synthesized ZnONW arrays is 1 cthhigher than that ob- ence Foundation of Chingrant Nos. 50025206, 60071014,
served in the bulk ZnO cryst&iThe blueshift of the Emode 20151002, national 973 projects(No. 2002CB613505,
corresponding to the 437 c¢rh of the bulk crystal demon- MOST), and Tsun-Tseng Fund of Peking University, China.
strates that the ZnONWSs grown on the Si substrate are undéne of the author$éD.P.Y) is obliged for support from the
compressive stress, which was estimated to be 0.225 GPa.@heung Kong scholar program.
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