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Abstract-The catalytic reaction concept was introduced in the growth of semiconductor micro- and nano-crystals. 
It was found that gallium nittide (GaN) micro- and nano-crystal structures, carbon nanaotubes, and silicon carbide (SIC) 
nalostmctm-es could be efficiently grown using ~-ansition metal catalysts. The use of Ni catalyst effloresced the gro~h 
rate and crystalIiizity of GaN micro-crystals. At 1,100 ~ the growth rate of Gain micro-crystals grown in the presence 
of Ni catalyst was over nine times higher than that in the absence of the catalyst. The crystal quality of the GaN micro- 
crystals was almost comparable to that of bulk GaN. Good quality GaN nanowires was also grown over Ni catalyst 
loaded on Si wafer. The nanowires had 6H hexagonal stmctm-e mad their diameter was in the range of 30-50 ran. MuIti- 
walI nm~otubes (MWNTs) were gro~x~l over 20Fe : 20Ni : 60AI203 catalyst. Howevel; single wall na~otubes (SWNTs) 
were grown over 15Co : 15Mo : 70MgO catalyst. This result showed that the structure of CNTs could be controlled 
by the selection of catalysts. The average diameters of MWNTs mad SWNTs were 20 mad 10 ran, respectively. SiC 
nalorod crystals were prepared by the reaction of catalytically g a o ~  CNTs with t~ametysilm~e. S~uctua-al mad optical 
properties of the catalytically grown semiconductor ffffcro- and nm~o-crystals were cha-acterized using vm'ious a~alytic 
techniques. 
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INTRODUCTION 

Catalysts have been widely utilized in most chemical reactions 
cu~-ently employed in chemical plm~ because most catalysts en- 
hance the yield of chemical reactions significmltly by promoting 
the reaction rate through different molecular mechanisms. How- 
eve~; the use of catalysts in semiconductor manufac~irg processes 
has been s~-ongly prohibited because people believed catalysts play 
a role as impu~'ities in se~'niconductor materials, leacSng to the deteci- 
oration of device peffon'nance. 

Recently, some reports on the utilization of catalysts in semicon- 
ductor crystal growth have begun to emei~e in the sciei~fic papez~. 
Polycrystalline silicon (poly-Si) thin film has been a key material 
for large-area electronic devices for flat-panel displays and solar 
cells. Poly-Si is generally made from amorphous silicon (a-S0 thin 
film by various ClystalliTstion techniques. Although a number of tech- 
niques have been proposed duaqnqg the past several years to achieve 
the crystaliization of a, Si to poly-Si on lmge-m-ea glass subs~-ate 
[iverson and Reif, 1987; Im and Sposili, 1996; Yoon et al., 2001], 
a solid phase crystallization ks a cxxm-aon method to crystallize m-aor- 
phous silicon (a-Si) to poly-Si because of its unique a&matages such 
as low manufac~.tring cost and umformity over large area [Iverson 
and Reif, 1987]. Howevei; its crystallization tempe, a~-e is too high 
for use of large-area glass subslrate. Literatz~re has reported that some 
metals, such as AI, Ni or Pd, act as a catalyst in the crystallization 
of a, Si into poly-Si so that the crystallization can be realized at re- 
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Iatively low tempera~res less than 400 ~ [Jang et al., 1998]. 
The growth of carbon nanotubes (CNTs) is a typical exmnple 

for the application of catalysts to semiconductor crystal growth. Ow- 
ing to the extraordinary properties of carbon nanotubes such as a 
metal, semiconductor and superconductor [Hassanien et al., 1998], 
and in parallel their hydrogen storage capability [Dillon et al, 1997; 
Kibria et al., 2001 ], the synthesis mad application of CNTs have been 
intensively investigated since theh discovery in 1991 [Iijima, 1991 ]. 
CarImn nanotubes have been synthesized by numerous techniques, 
nmnely, arc-dischmge [Maser et al., 1996], laser ablation [Guo et 
al., 1995], catalytic chemical vapor deposition, etc. ['ivanov et al., 
1995; Kibria et al., 2002]. Most of the gi-o~x~l processes above em- 
ploy sane metal catalysts to grow CNTs. Fe, Ni and Co supported 
catalysts have been the most commonly employed catalysts, but 
vm-iety of new catalysts have been exm-nined to get desired CNT 
slruc~res [iijima and IchihashJ, 1993; Bethune et al., 1993; Saito 
et al., 1993]. 

The rode-band-gap semicondutor GaN is cu~Tently of great in- 
terest for development of optcelectronic devices at blue and near- 
ul~-aviolet wavelengths [Akasaki and Amano, 1997] as we11 as high 
te~-npera~-e and high-frequency ele~-onics [Kim et al., 1997]. Due 
to the contmuaI demands for reduction in device size, it is nab.rally 
of interest to fabcicate nmlodevices based on ilanoscale materials 
with novel properties. GaN micro- and nano-crystals are good can- 
diclates for these needs [Gonsalves et al., 1997; Koo et al., 2001]. 
Gain rnicro-crystaIs have lately synthesized using vm-ious meth~ts 
[Porowski, 1996; Shibata et al., 1999]. However, most of the works 
stilI remained in the funci~-nental study on the growth of high quality 
GaN crystal. Recently, our lalmratory has reported the growth of 
high quality GaN micro-crystals using Ni catalyst by a direct reac- 
tion ofgalliua-a and ~-alnonia [Nahn et al., 2000; Lee et al., 2001]. 
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A number of techniques have been also proposed during the past 
several years to achieve the growth of 1-dimensional semiconduc- 
tor GaN nalowires [He et al., 2001 ; Chert et al., 2001]. However; a 
synthesis of GaN nalo~-es  by the catalytic reaction of gallium and 
ammoma using a-ansition metals has been proposed by Chen et al. 
this year [Chen et al., 2001]. Recent successfiaI fabrication of CNT 
Iransistors achieved by IBM group no~aishes the importance of one 
dimensional semiconductor crystal ~anos~uc~-es for the f ~ e  
nanodevice fabricaltion [Derycke et al., 2001]. Likewise, other- re- 
search group also obsm~ed the enhanced growth rate of semicon- 
ductor crystal growth, but they did not realize that it was due to tile 
catalytic actMty of the metal species involved in the growth reac- 
tiom [Gu et al., 2000; Xie et aI., 1996]. 

Subsequently, the use of catalysts in semiconductor crystal growth 
can make a breakthrough to achieve high purity and quality semi- 
conductor growth as well as to control of the crystal s~uc~-e in- 
te~onaIly by examining the catalytic growth mect~nism precisely 
In spite of concrete evidence for the catalytic effect in the growth 
of semiconductor crystals obsel~red above, insufficient recognition 
of catalyst importance in the crystal growth stiI1 prevents a wide- 
spread of catalyst application to the growth of semiconductor crystals. 

In this work, we report the growth of @aN micro- and nano- crys- 
tal slructures, carbon nanaombes, and SiC nanostmctures using tran- 
sition metal catalysts to in~-oduce tile catalytic growth of semicon- 
ductor crystaIs. S~ucturaI and optical properties of the catalytic@ 
grown semiconductor crystals were charactenzed using various ana- 
lyric tectmiques. 

EXPERIMENTS 

1. GaIN Micro-Crystals and GaN Nanowires 
GaN micro-crystals were grown by a dh-ect reaction of molten 

Ga and aamlo~ia gas using a Ni-mesh catalyst. Tile ~-owth of the 
GaN crystaks was can-ied out in a homemade quartz tubular reactor 
heated in a tubula- furnace (Fig. 1). The growth tempera~e was 
monitored with a Rh/Pt thermocouple fi-om the bottom of the reac- 
tor and controlled by a temperature controlIer Cylin&-icaI Ni-mesh 
catalyst (0.6 g) was placed between the gas delivery tube and inner 
reactor tube. Small pieces of solid Ga (8 g, 99.99%) were loaded 
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Fig. 1. A schematic diagram of the growth reactor for GaN micro- 
crystals and GaN nanowires. 
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m the inner quartz reactoi: The reactor was evacuated to 104 ton- 
for 30 minutes and then ptrged with 100 sccm N2 (9N). This proce- 
dure was repeated more than five times to remove the residual im- 
purities in tile reactoi: The reactor pressure was adjusted using N2 
to be one a~nosphere. After elevating the reactor temperature to 
800 ~ in tile flow of N2 gas, the N2 flow was stopped, switched to 
100 sccm H2 gas (9 N), and the temperature mairtained for 5 min 
to clean the Ni catalyst surface. The reactor tempera~-e was again 
raised flora 800 ~ to tile growth temperature and then the hydio- 
gen gas was completely changed to 50 sccm NH3 (99.99%). All the 
gases were in~-oduced into tile reactor through the delivery tube 
and the Ni catalyst was completely dipped in the Ga melt during 
tile growth. The growth reaction was peffonned at various temper- 
atures (1,000-1,100 ~ Aider tile growth reaction, tile temperature 
was slowly cooled to room temperature in the flow of NH3 gas. The 
GaN crystals were removed from the as-grown mixture by dis- 
solving ut:-eacted Ga and Ni catalyst in HC1 solution. The sepa- 
rated GaN crystals were washed with distilled water and dried in a 
V a c u u I ' l l  o v e n .  

GaN nanowires were grown by a direct reaction of molten Ga 
and air~nonia gas on Si wafer loaded Ni catalyst. Ni catalyst was 
loaded on Si wafer by @ping into 8.6 M Ni(NO3)3-gH20 solutioi1 
A Si subsa-ate (8 cmxO.5 cm) was vertically set up in the reactor 
and half of tile subslrate was exposed above tile surface of Ga liq- 
uid to grow GaN nanowires. The GaN nalowires were grown for 
5 hr at 910 ~ and 1 atm with 20 sccm ArH3 in the same reactor. The 
growth sequence of the GaN nalowire crystals was equal to that 
of GaN micro-crystals. 
2. Carbon Nanotubes and SiC Nanom~ds 

For the growth of CNTs, two bimetallic catalysts of compositions 
20Fe  20Ni  60AI2Q and 15Co 15Mo 70IvlgO were prepared 
by an impregnation method Tile CZ-AI203 and MgO powders used 
as the catalyst supparts had average dim~aetei~ of 0.3 and 0.5 gin, 
respectively. Higch metal loading was chosen in order to get longer 
catalytic activity. To prepare 20Fe  20Ni- 60A1203 catalyst, aque- 
ous solutiom of Fe(NQ)3-9H20 and Ni(NO3)2"6Iff20 having required 
amount of metals were mixed with A1203 powdei~ and stm-ed for 
1 h at 60 ~ to remove dissolved oxygen and to get homogeneous 
impregnation of metal salts in the support_ The impregnate was then 
di'ied in an oven at 100 ~ for 12 h, calcined at 400 ~ for 4 h in a 
box f~rnace and reduced in 100 sccm hydrogen flow at 450 ~ for 
3 h under vacuv~a. The pret~-ed catalysts were stored in sealed ves- 
sels and CNTs were synthesized over the catalysts. 15Co  15Mo : 
70MgO catalyst was prepared along the same sequence with the 
20Fe  20Ni  60AI2Q catalyst except using CctNQ)2-6H20 and 
(l~)6MoTO24-4H20 for precursors. 

Tile ~o~ah of the CNTs was camed out in a rapid then~aal chem- 
ical vapor deposition (RTCVD) reactor described in elsewhere [Seo 
et al., 1997]. Approximately 40mg of a catalyst sample was trii- 
fonnly dispersed in the base area of a quartz plate and placed in the 
central region of a horizontal quartz tube reactoi: There, the cata- 
lyst was activated at 900 ~ for 1 h in 100 sccm H2 flow and CNTs 
were synthesized for 1 h at the growth temperature of 600 ~ for 
20Fe : 20Ni 60AI203 catalyst and 800~ for 15Co : 15Mo 70IvIgO 
catalyst, respectively, by flowing 10/100 sccm of C2HJH2. 

Tile growth of SiC nanorods was also can-ied out in file sm~ae 
RTCVD reactor, according to the following procedure. Prior to the 
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growth of SiC nanorods, the Si subsh-ate loaded with 50Fe : 50Co 
catalysts was placed on the base area of a quartz plate and f~xed m 
the cenaal hot region of the horizoiltal quartz tube reactor The metal 
catalysts were activated at 500 ~ for 1 h in H2 flows (100 sccm). 
CNTs were grown over the activated catalysts at 600 ~ for 5 min 
with C2H/H2 (10/100 sccm) and subsequently were reacted with 
1.0 sccm teh-amethylsilane (TMS) dikited with 200 sccm H2 for 60 
rain at 1,100 ~ 

The s~uc~-aI and optical properties of the grown micro- and 
nano-crystals were investigated using scanning elech-on micros- 
copy (SEM), X-ary diffraction (XRD), h-ansmission electron mi- 
croscopy (TEIvl), fourier ~-ansfon-n mfi-ared spectroscopy (FT-IR), 
FT-Raman and photoluminescence (PL) spectroscopy. 
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Fig. 2. The growth rate of GaN micro-crystals as a function of 
growfll tempe,~tm'e at 1 atm with 50 sccm NH3 ( l l :  in the 
presence and Q: absence of Ni-mesh catalyst). 

1. Growth of GaIN Micro-Crystals  
Fig. 2 shows the growth rate of the GaN crystals as a fimction 

of growth temperature in the presence and absence of Ni-mesh cat- 
alyst The growth rate of the GaN crystals increases as the reaction 
tempera~-e :-ises from 1,000 to 1,100 ~ and the depe:~ency of the 
growth rate on the tempera~e is much more significant in the pres- 
ence ofNi  c~alyst. For 1,100 ~ the growth rate of CraN micro- 
crystals grown in the presence of Ni catalyst ks over9 times higcher 
than those grown in the absence of the catalyst. This result demon- 
sirates that Ni-metaI acts as an active catalyst m the growth of the 

GaN crystal. It is thought that the Ni-mesh cNalyst enhances the 
decomposition of NH3 gas into chemically active nitrogen species 
and speeds up the reaction of gallium with NI-13 by reducing the 
activ~ion enezgy, resulting in the increase of the GaN crystal growth 
rate. 

Crystalline quality of GaN micro-crystals grown using the Ni- 
mesh catalyst was investigated by TEIvl. The Gab: crystals were 
grown at 1,000 ~ and 1 aa-n with 50 sccm NH3. Figs. 3(a) and Co) 
show the dark-field micrographs and the correstxmding selected 

Fig. 3. The dark-field micrograplts anti file corresponding selected area diffi'action pattern (SADP) along the electron beam dh'ection 
B=[0110] with the reflection vectors g==0002 (a, c) and g=[2110] (b, d) for GaN micro-ciystals grown (a, b) with and (c, d) without 
Ni catalyst, respectively. The GaN cr)~tals were grown at 1,000 ~ and i aim wTdl 50 sccm NH3 and file GaN nanow4res were growth 

r r o on Si w afer loaded Ni catal) st at 910 C and 1 atm for 5 hr with 20 sccm NH3. 
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area ~ t i o n  pattem (SADP) along the elearon beam direction 
B=[0H0] with file reflection vectors g=0002 (a) and g=2110 (b), 
re~ecfively. It should be noted that the c~stal is about 6 ~an long 
and 2 ~m wide in size. All the GaN aystKs ob~'eed in the present 
study by SADP are identified to have file 2H hexagonal ~ucture 
with md aystal, i_e., the crystal's length and ,vidth co~respond to 
the c- and a-axis of hexagonal structure, re~ectively. Dark field 
mia~ogmphs show that the aystal consists of a single aystal with- 
out any grain boundary, althongh some fringes, due to differences 
of crystal thickness, are observe4 Dislocations identified as the 
major defect in epitaxial GaN films [Chems et al., 1997] grown on 
v~Jous sub~ates having the Burgers vectors b=1/312110], b= 
[0001] and b=1/312113] ~e  not observed fi'onl our gro~vn GaN 
crystals. If'such dislocations were found in the present GaN crystal, 
they should ~)pear with the reflection vector either g=0002 [Fig 3(a)] 
or g=2110 [Fig. 3(b)]. However, this is not the case in the present 
TEM microgmphs. Thus, it can be concluded that most of  the GaN 
crystals exhtbit a dislocation flee stmctme, which indicates they 
experience no swain during the growth process. 

For comparison, the dark-field microgr-aphs and the correspond- 
ing SADP for GaN mia~o-crystals grown without the Ni-mesh cat- 
alyst were observed as shown in Fig. 3(c) aid (d). It should be noted 
that file crystal size is greatly decreased compared to sample A, i.e., 
about 3 gm long and 1 ~tm wide. Dislocations and other defects 
are not observed when imaged ~ h  either g=0002 [Fig. 3(c)] or 
g=2110 [Fig. 3(d)] as in the aystal observed in Fig. 3(a) and (b). 
In Fig. 3(c), lines parallel to the c- mid a-axis directions, as weU as 
steps pa'allel to the b a ~  plane of the hexagonal unit, me clearly 
observed (as indicated by ~ro~vs). It is assumed that they stem flem 
the trace of  growth ten'ace of  hexagonal GaN. 

PL meamrements were pa'foxmed for the GaN micro-aysmls 
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Fig. 4. PL spearmns for (a) CcaN lrdcro-crystais and (b) GaNnano- 
wn-es. The GaN ndcm-~ystals  and nanowires were grown 
at the same condition of Fig. 3. 

grown using the Ni catalyst, The excitatinn source was the 325-n,n 
line ofHe-Cd lasa" with a 15 mW power focused to an appi~oxi- 
,nately 0.5-n~n-diamaer spot. The PL fix)m GaN was di~pa~ed and 
detectedby l m  d~ble-gi~ing menocba~omator and aphoton count- 
lug system, ,'e~pectively. TILe PL speclrum ,neammd at 5 K shows 
a strong band edge emission at the energy position of 3 .4~ eV, but 
adeep level yellow enfission is almost disappeared as shown in Fig. 
4(a). The full width at half maximum (FWHM) is as lowas 52 meV, 
the nam)west for all reported GaN ,nia~o-crystals in the previous 
reports [Park et al., 1998; Shmagin et al., 1997]. Akhough not pre- 
sented in this paper, time-resolved photolumiueseence (PL) experi- 
ments showed that the characteristic times of the integrated PL iu- 
tensity ova-the whole z p e c ~  range of the peak are z1=22 and z2 = 
109 ps for the catalytically growl GaN micro-crystals, conlparable 
to file previously reported value for bulk GaN [Hess et al., 1998]. 
This indicates that Wansition maal  catalysts can be effectively used 
for the growth of  high quality semiconductor crystal grow~lL 
2, Growth of GaN N~aowires 

Shown in Fig. 5 is scanning electron microscopy (SEM) image 
for GaN nanowires grown on Si(100) wafer loaded Ni catalyst It 

r.:a  

Fig. 5. ~ image for CaN nanowires. The GaN nanowb'es wi fe  
grown at the same condition of Fig. 3. 
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Fig. 6. TEM ~mage and the corre~onding SADP for GaN nano- 
wires. The GaN nanowh'es were grown at the sanae condi- 
lion of Fig. 3. 
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is seen that high density GaN nanowires are grown across the Si 
sub ,a te  The dian~eter of the C_raN nanowires is in the range of  30- 
50 ima. The growth of C_raN nanowires was also carried out in the 
absence of  Ni catalyst on Si mbs~te. But no evidence for the growth 
of the GaN nano~es  was found ti,om SEM measmements. Instead 
of the gr~N~ ofGaN nanowi'es, the deposition of hexagonal shaped 
GaN crystal pmticles was observed on the Si surface, as reported 
in the previously repotted papers [Park et al., 2000]. 

Fig. 6 shows the t{RTEM image w~h SADP for the GaN nano- 
w~es. The resulting nano~es  have dian~eta,s in the range of 30-50 
tmi. No defects between contrast bands are found in the HRTEM 
image The clear lattice fiinges in this image confum tha a high 
quality single-crystal structure o f  the nanowires is grown when Ni 
metal is applied as catalysts. Also noted in the image is that the 
[2110] direction was pm~llel to the long axis o f  the wae~ indicat- 
ing that [2110] ~'ection is the fast-growth direction for GaN nano- 
,~es.  The inset of Fig. 6 shows a selected-area eleclron diffiaaion 
pattern of  the nmowire that can be indexed to the reflection of hex- 
agonal C_raN crystals along [001] directions. TEM measm~n~ents 
show that most of the wires grow along [2110] consistent with earlier 
experimental results [Duan et al., 2000]. 

Optical pmpeafies of the GaN nanowkes were measured using 
photohm~inescence (PL) specU'oscopy excited with 325-tm~ line of 
He-Cd laser with a 15 mW power focusing to an approximately 
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Fig. 7. SEM images for the CNTs grown over (a) 20Fe : 20Ni : 
60AI~O~ mid (b) 15Co: 1SMo: 70MgO eat'llysts. The CNTs 
were synthesized for l h  a t the  growth tempt~amre of 600 
~ for 20Fe: 20Ni:  60AI~O~ catalyst and 800 ~ for 15Co : 
15~VIo : 70MgO catalyst, resl~ecth, dy, by f lowing 10/100 
seem C~H/It2. 

0.5 mm-dimneter spot, Fig. 4(b) shows a strong band edge emission 
at the energy position of~3.4 eV, but a deep level yellow enfission 
is negligible. The full wkkh at hatfmaxinmm (FWtlM) is as low 
as 53 meV, better than the previously reported value [Chen et al., 
2001]. 
3. G r o w t h  o f  Cm'bon Nanotubes 

Shown in Fig. 7 are the SENI images for CNTs synthesized over 
20Fe : 20Ni : 60Al203 and 15Co : 15Mo : 70MgO catalysts, respec- 
tively. The average diameters of  the CNTs Down over 20Fe : 20Ni : 
60Al203 and 15Co : 15Mo : 70MgO catalysts are about 20 and 10 
run, respectively. 

The best way to undet~mnd about the quality of CNTs is their 
Ranmn speclroscopy m easm'enlent. Rmnm spectroscopy is an effec- 
tive tool to identify well-glaphitized cmbon md disordered carbon. 
In order to clear the fact, we measured the Fr-Rmnan spectra of 
the r products using Nd : YAG laser at a excitation wavelength 
of 1 ,064m.  Fig. 8 shows the Fr-Raman spectra for CNTs Down 
over 20Fe : 20Ni : 60A1203 and 15Co : 15Mo : 70MgO catalyAs, 
respectively. Fig. 8(a) clearly show two strong peaks. The peak at 
around 1,595 an -1 (Eg mode peak) appeared fi~om the folmation of 
well-graphitized CNTs and the other at around 1,285 cm -1 (A~ nlode 
peak) arose fix)m the presence of amorphous caibonaceous prod- 
ucts with the tubes and disordered cathons ['Rao et at, 1997; Choi 
et at, 2000]. In comparison with the FT-Raman spectra reported 
for single-wall nmotubes (SWNTs) [Rao et al., 1997] and multi- 
wall nanotubes (MWNTs) [Choi a aI, 2000], the tlesently observed 
result for the CNTs grown over 20Fe : 20Ni : 60Al203 catalyst coin- 
cides with tha of MWNTs because the Eg mode peak has no shoul- 
de~'peaks mdno peak for mdialbreathing mode (RBM) in between 
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Fig.. 8. F L R a m a n  spectntms of CNTs grown over (a) 20Fe: 20Ni: 
60A1203 and (b) 15Co : 15Mo: 7eCIgO catalysts. The CNTs 
were grown at the same condition of Fig. 7. 
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150-300 cm-k 
Meanwhile, the c~rI's gI~own over 15Co : 15Mo : 70MgO cata- 

lysts shows the chmacteristic Raman ~pectmm of SWNTs, shovm 
in Fig. 8(b). The strong Reman band at 1,595 an -1 is observed with 
fllree shoulder peaks fixml the spectrum, as is seen fi'om the typical 
Ranan spectrum of  SWNT. The ~ectrum also shows peaks for 
radial breathing mode (ILBM) in the range of 150-300 an-k How- 
ever, the intensity of peak at 1,285 an -I arose fi~m MWNTs is al- 
mo~ v~mished hi this case when comparing with that shown in Fig. 
8(a). In the literat'ure on CNTs work, it has genffally been x~ported 
flint MWNTs grow in CVD methods, whereas SWNTs are obtahmd 
by arc-dischmge mid laser ablation methods. But, ~ecently, some 
research groups including our laboratory have t~ported the growth 
of SWNTs by catalytic decomposition of hydrocarbons in CVD 
reactors. Dai et at [Dai et al., 1996] have synthesized SWNTs of 
1-5 tim dianeter by di~-propotlion of CO catalyzed by Mo particles 
at 1,200 ~ Memlwhile, Peigney et al. [Peigney et al., 1997] have 
repotted the fonnaion of enormous amount ofSWNTs md MWNTs 
of diameter 1.5-15 tan range hi CHjH2 mediausing Fe/A120~ cata- 
lyst. We also proposed the growth of SWNTs over Ni/A1203 pellet 
catalyst fabricated by amechanically mixing method hi aRTCVD 
reactor [Mo et al., 2001]. It is currently well established to grow 
the SWNTs using CVD techniques [Alvarez et al., 2001]. 
4. Growth of  SiC N~nowires 

Fig. 9 shows SEM hnage for SiC nanomds produced firm the 
CNTs grown for 5 mill. As shown in file SEM image, alaige quarth'y 
of sWaight or curved nanorods grows across the s'ubsWate surface. 
TILe average length mid dianleter of  the nanorods are hi the ranges 
of 1-2 ~nn and 110-130 ran, respectively. The metal catalyst tip 
was observed at the top of  CNTs in the inset o f  Fig. 9, as can be 
seen in the previous work [Kibria et al., 2001]. It seenLs that the met- 
al catalyst tip still remain on the top of  the nanorods without a re- 
mmkable change after the SiC nanorod growth. This means that 
the growth of the SiC nanoro:ls is due to the cotwersion of the CNTs, 
but not due to a elongated growth on the metal catalyst tips. 

Figs. 10(a) and (b) show FI'-IR absorption spectrafor CNTs mid 
SiC nanorods. TILe Si-Si mid Si-O vibration modes, which are oh- 
sawed at 610 and 1,096 en1-1, originate ~ a n  the Si subsaate [Seo et 

Fig, 9. SEM tamges of SiC nonorods with the corresponding CNTs. 
The SiC mmorods were grown on Fe/Co c~t~ys~t loaded Si 
�9 ~ f e r  by  the reaction of CNTs g r o v ~  for 5 mil l  at 600 "C 
with  T M S / H 2  (1.0/200 sccm) for 60  mil l  at 1,100 ~ 

:/ =. si 

= (a) I-c 

I- 

, . i . J . l . t . t �9 1 . [ 

2 0 0 0  1 ~ 0  ' 1 6 0 0  "14110  ' 1 2 0 0  1 0 0 0  8 ~  6 0 0  4 0 0  

W a v e n u m b e r  (cm "~) 

Fig, 10. FI'-IR spectrums for CNTs (a) ond SiC nanorods (b). The 
SiC nsnorods  were grown at the same condition of Fig, 9. 

al, 1994]. A slrong absorption band at 796 cm -1 ofF@ 10Co) is due 
to the C-Si stretching vtbiation mode in the SiC crystalline phase 
[Yu eta]., 2000]. This also indicates that the SiC nmorods are mainly 
produced by the reaction of the CNTs with TMS. Zigzag weak ab- 
sorption bands between 1,450 to 1,650 an -1 correspond to the vibra- 
tion of the carbon fiame~v~ork [Tatmov et al., 2001]. A very weak 
absorption band at 1,645 cm -1 presents the existence of excessive 
cmbons in file CNTs having acrystalline graphite structure [Sun et 
al., 1999; Lee et al., 2002]�9 The intensity of the absorption band at 
1,096 cm -~ decreases for the SiC nanomd sample because the Si-O 
bond in the CNT grown on Si subsWate might be conatmed by the 
reduction with H2 at higher tempa'ature during the reaction. The 
IR observation manifests that the formation of the SiC manomds 
are produced by file conversion of the CNTs. 

Fig. 11 shows the FT-Rmnan s--peclrum for SiC nanomds The 
CNTrelated peaks are still observed at 1,295, 1,606 mid 2,565 an  -1 
akhough their peak intensifies a'e s~lificanfly reduced in the fig- 
ure, which is attributed to the mnmatt CN'Ts unreacted completely 
[Zhang et al., 1999]. Besider the peak intensity at 527 cm -1 becomes 
more app~ent in the figure. It is thought that these results are cmsed 
by the continuous convea~ion of the CNTs into SiC nanomds and 
hydrogen etching of  carbonaceous species from the Si subsWate dar- 
hag the reaction. A shmp peak at 940 an -~ is the longimdinfl optical 
(LO) mode of the SiC Mlice mid tile peak at 808 en1-1 is as the lrans- 
vet~e optical (TO) mode. TILe Ranaan speclroscopic data indicate 

0.020, 

~ 0.015 

o I! 

o.o051; \ , ,  

0.000 ' ' ' 
500 1 0 0 0  1500  2000  2500  3000 
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Fig, 1L Raman spectrum for SiC nanorod~  The SiC nanorods  
were  grown at the same condition of F i ~  9. 
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Fig. 12. Photolmninescence spectrum of SiC nanorods measured 
at 10 I~  The SiC nanorods were grown at the same con- 
dition o f  Fig. 9. 

agonaI GaN single crystal. The GaN nano~:~-es were grown over 
Si(100) wafer loaded with Ni catalyst The grown GaN nanowires 
range from 30 to 50rrn in diameter and were identified to have the 
6"H h~xagonaI sa-ucture with the growth aloi:g [2110] direction. CNTs 
were synthesized over 20Fe  2 0 N i  60A12Q and 15Co  15Mo: 
70MgO bimetal supported catalysts. It was found that MVv2",ITs were 
grown over 20Fe : 20Ni : 60A12C)3 catalyst, whereas S\VI',IT were 
grown over 15Co : 15Mo: 70MgO catalyst. The average diameter 
of the CNTs ranged fi-om 10-20 ira:. This indicated that the selec- 
tion of catalysts was esse:Nal to cor:h-ol the CI',TT slructure on pur- 
pose. Silicon carbide (SIC):morods were grown over on Si wafer 
Ioaded with Fe/Co metal catalyst tt:a-ough a two-step reaction scheme. 
The SiC nanorods grown were identified to be [3-SIC. The disai- 
bution of leng'rh and diameter of the SiC :morods were consistent 
with the s : g  CNTs. 

again the growth of SiC by the reaction of the ChiTs with TMS. 
Furthem:ore, a peak at 880 c:-n-: observed between these two :::am 
peaks is due to the formation of SiC nanorods reported in the pre- 
vious work [Zhang et aI., 1999]. The Raman spectrum is different 
fi-om that of the bulk SiC or thick SiC f:hn. The bulk [3-SIC is a zinc- 
blende s~ica.tre which has a TO mode at 796 cm -: and LO mcde 
at 972 crn -:, respectively [Zhang et al., 1999]. It is specuIated that 
the fiequency shift of our sample is due to the effect of quantum 
confinement or the effect of defects on the Raman scattering of olo_ 
ticaI phonons. 

Shown m Fig. 12 is a typical PL spec~:m for the SiC nanorods. 
The PL specavm was measured at 10 K by using 325 nm line flora 
a He-Cd laser with 50 mW output power and conected for the spec- 
hal response of the inshn~nent. The PL has a peak at 2.32 eV and a 
fit11 width at the half-maximura (FWHIvl) is approximately 0.45 
eV It is noted that the PL peak energy is a Iittle higher than the room 
temperah~-e optical tmndgap energy of [3-SIC (2.2 eV) [u et al., 
2000]. It is considered that the shift of the PL peak emission en- 
ergy toward blue is due to the quar~trn size effect of the nanocrys- 
tallites. The large FWHIvl value of the PL peak might be athibuted 
to a spread in the size of the nanocrystalIites. Ct:en et aI. [Ct:en et 
aI., 2000] atlnbuted the origin of the observed PL peaks in the range 
fi-om 1.9 to 2.3 eV to states associated with sa-uctural defects in crys- 
talline SiC or SiC-Si interface. They assumed these defects consist 
of distorted and weakly bonded atoms such as Si-Si, C-C and Si-C 
with lo:ger bonding lengths or disturbed t:onding angles. The bond- 
mg energy of these atoms was generally lower than that of the nor- 
really trended atoms and the bonds can be broken by the absorp- 
tion of a higher energy. 

C O N C L U S I O N S  

GaN :aim-o- and nano-crystal sh-uctures, carbon nanaotubes, and 
SiC nanosh-ucmres were grown using h-artsition metal catalysts to 
:r:h-cduce the catalytic growth of semiconductor crystals. GaN micro- 
crystals were catalytic@ grown using Ni-mesh by direct reaction 
of gallium and ammonia. At 1,100 ~ the growth rate of the CaN 
crystaIs in the presence of Ni catalyst was almost nine times higher 
than that m the absence of the catalyst. The shucturaI characteriza- 
tion of the GaN crystal showed the growth of dislocation fi-ee hex- 
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