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Cubic silicon carbide (3€SIC) nanowires were synthesized through a reduet@arburization route by
using silicon powders and tetrachloride (G)Cis Si and C sources, and metallic Na as the reductant at 700

°C. The as-prepared SiC nanowires were characterized and studied by X-ray powder diffraction, transmission
electron microscopy, X-ray photoelectron spectra, Raman backscattering, and photoluminescence spectra at

room temperature. The SiC nanowires produced from the present route typically have diameter@@f 15
nm and lengths of 510 um. The influencing factors of the formation of the SiC nanowires were discussed
and a possible growth mechanism for the SiC nanowires was proposed.

Introduction

(111)

One-dimensional (1D) structures with nanometer diameters,
such as nanowires and nanotubes are attracting increasing
interest due to their remarkable optical, electrical, and mechan-
ical properties and their potential applications ranging from
probe microscopy tips to interconnections in nanoelectrical
devicesl2 Therefore, current attention has focused on the
development of new methods for the preparation of nanoscale
one-dimensional structures.

Silicon carbide belongs to ¥V semiconductors and there
exist more than 130 polytypes due to the different orders of
stacking of the SiC layersThey have wide energy band gaps
from 2.3 eV for 3C-SiC to 3.3 eV for 2H-SiC at room
temperature, and have good physical stability, high thermal
conductivity, and high breakdown electric ficldhese excellent J
physical properties make SiC a promising semiconductor
material for device applications at high temperature, high power,
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and high frequency.There are many reports on the synthesis 30 40 50 60 70 80

of silicon carbide whiskers. The conventional methods fall into 2 theta / degrees

the following three standard categories: (1) thermal decomposi- Figure 1. X-ray powder diffraction pattern of the sample prepared by
tion of organic silicon compounds) (2) reaction between Si¢l a reduction-carburization route.

and CC}, in the presence of hydrogérand (3) carbonthermal
reduction of SiQ.2"* The diameters of SiC whiskers prepared Experimental Section
by these traditional methods were typicatyt000 nm, although
diameters as small as 100 nm have been observed. Recently, In a typical experimental procedure, appropriate amounts of
Dai et al’? _adop_ted an approach to prepare S|I|<_:on c_arblde CCl, (5.0 mL), Si powders (1.44 g), and Na (4.74 g) were put
nanorods with diameters between 2 and 20 nm, in which the jnto a titanium alloy autoclave of 50 mL capacity. The autoclave
carbon tubes were converted into silicon carbide nanorods by\yas sealed and maintained at 70D for 10-48 h and then
reacting with Si andl at 1200°C. Our research group has  cqoled to room temperature. At the beginning of the reaction,
successfully synthesized diamond powder on the reduction of ipare \was a high pressure in the autoclave. As the, @@k

o 13 i i )
CCl, by Na at 700°C.”* In the present study, SIC nanowires o ,ceqd hy Na, the pressure deceased. The product was collected
were synthesized at 700C by the reductiorcarburization and treated by dilute HFHNO; to eliminate the unreacted

metho_d, in which CQJ_and silicon powder were used as SOUICE gjlicon. The free carbon in the product was removed by heating
materials and metallic Na as the reductant. The reaction was.

) . ~in air at 600°C for 3 h. However, the product also suffered
carried out in an autoclave and can be expressed as follows: . . - - .
partial oxidation during the heating, and amorphous,Siay

@ have formed on the product surface. So, the product was treated

with dilute HF again to eliminate amorphous Si&dating. After
washing with distilled water to remove NaCl and other
*To whom correspondence should be addressed. impurities, a gray-white product was obtained.
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nanowire SiC shown in (b). (d) TEM image of a hollow-structure SiC nanowire and its ED pattern. (¢) HRTEM image of the hollow structure SiC
nanowire.The arrows showing the hollow nature. (f) TEM image of a carbon nanorod obtained from the reductionnf B&€lat 700°C.

The X-ray powder diffraction (XRD) pattern was recorded literature &= 4.3589 A)14 No other crystalline impurities, such
on a Japan MAC SCIENCE MXP18AHF X-ray diffractometer as Si and Si@ were detected in the XRD pattern.
with graphite monochromatized CuoK(4 = 1.54056 A) Figure 2 shows the TEM images and ED patterns of the
radiation. Transmission electron microscopy (TEM) images and samples. It can be seen that the sample consists mainly of
Se|eCted-area e|eCtr0I’l dlffraCtIOI’l (ED) pa'[tems were taken Wlth nanowires_ The S|C nanowires produced from present route
an Hitachi H-800 transmission electron microscope, Using an typ|ca||y have diameters of 220 nm and |engths of 510
accelerating voltage of 200 kV. High-resolution electron um (Figure 2a, 2b). The inset ED patterns (Figure 2b) are
microscopy (HREM) images of the SiC nanowires were taken consistent with the high crystallinity. The HRTEM image
on a JEOL-2010 transmission electron microscope. X-ray (Figure 2c) demonstrates that the transparent section of this
photoelectron spectra (XPS) were carried out on a VGES- gsmooth nanowire is well-defined 3€SiC single crystal and
CALAB MKII X-ray photoelectron spectrometer, using non-  nossess a very low density of planar defects. Further studies
monochromatized Mg K X-ray as the excitation source. The suggest that the nanowires have grown i &10direction. It
Raman spectra were produced at room temperature with a Spexs of considerable interest that a small fraction of hollow
1403 Raman spectrometer using an Ar-ion laser exciation with gty ctures is clearly revealed by the TEM images (as shown in
a wavelength of 514.5 nm and with a backscattering configu- £igyre 2d, 2e). The ratio of the structures to nanowires was
ration. Photoluminescence (PL) spectra of the SiC nanowires 555t 5%. The structure generally has a diameter ef48nm,
were measured in an Hitachi 850 fluorescence spectrophotom-5 length of 1um, and a wall thickness of %5 nm. The ED
eter with a Xe lamp at room temperature. pattern (Figure 2d) shows the polycrystalline rings [(111), (220),
and (311)] of the 3€SiC, which confirms the XRD result.
However, the HRTEM image (Figure 2e) indicates that this

Figure 1 shows the XRD pattern of the sample. All of the hollow morphology contains heavy stacking faults on the basal
strong intensity peaks could be indexed to the zinc blende planes in contrast to the well-defined 3GiC single crystals
structure 3CG-SiC. The refinement gave the cell constamnt: nanowires. These defect planes are basically rotational microt-
4.3565 A, which was consistent with the reported value in the wins on the (111) basal plan&sléThe fact that carbon nanorods

Results and Discussion
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Figure 4. Room-temperature Raman spectra from the SiC nanowires
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Figure 3. XPS spectra of SiC nanowires.
(Figure 2f) formed in the reduction of C£by Na at 700°C

suggests that the formation of the hollow structures may be 4(‘)0 50'0 6(;0 =50
based on the use of carbon nanorods as templates. Several SiC
nanowires were coated on the carbon nanorods first and then

the carbon in the core was oxidized into €6y heating at 600 Figure 5. Photoluminescence spectra for the SiC nanowires at room

°C in air, and thus the polycrystalline hollow structure formed. temperature.

Figure 3 shows the XPS spectra of the sample. The two strongRaman spectral features are strikingly different from others
peaks at 100.20, and 282.40 eV correspond to Si2p and Clseported in the literaturel8-20 Not only is the TO ) phonon
binding energy, respectively, for SI.Quantification of the line much stronger than LA phonon line but also the two
peak intensities gives an atomic ratio of Si to C of 1.11:1.00. lines are both shifted by 920 cnt! toward lower energy. The
However, the spectrum also displayed the other two C1s peaksreason for this exception may originate from the small grain
at 284.45 and 286.10 eV, which can be attributed to a small sizes of the SiC and from the growth faults of the nanowires.
amount of residual carbon (284.3 eV of C1s levels for graphite)  Figure 5 shows the PL spectra from the SiC nanowires at
and the adsorbed GOpnto the sample surface. No obvious room temperature. The excitation wavelength was 385 nm and
peaks due to silicon (98.7 eV for Si2p) or silica (103.5 eV for the filter wavelength was 430 nm. It is clear that a strong peak
Si 2p in SiQ) are observed. centered at 448 nm is observed. No sharp PL lines, which are

Figure 4 shows the Raman spectra for the SiC nanowires with attributable to impurity-bound excitons and their phonon
a backscattering configuration. Two broadened bands at aroundreplicas, or simple defects introduced by electron irradiétich
776 and 954 cm! were recorded, which correspond to the TO are clearly seen in this spectrum. Furthermore, compared with
and LO phonon at th& point of cubic SiC. We note that the  the blue-green luminescence from the films 3GiC 24 a blue-

Wavelength / nm
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violet luminescence in the SiC nanowires is indicative of a blue nanowires produced from the present route typically have

shift. The reason for the results is yet unknown, and a deeperdiameters of 1520 nm and lengths of 510 um. The SiC

study on this work is clearly needed. nanowires with very small diameters are expected to have
The influences of reaction temperature and time on the special electrical, optical, and mechanical properties, and may

formation of the SiC nanowires were investigated. It was found be constituents of novel nanoscale materials and device struc-

that a suitable reaction temperature was a key factor for thetures. This process has inherent advantages, including the

formation of SiC nanowires . If the temperature was lower than availability of low cost raw materials and the simplicity of the

630 °C, the SiC nanowires could not be obtained, even at production procedures. This versatile method may be used to

elevated pressure; instead, amorphous C formed. If the tem-synthesize other carbide nanowires.

perature was higher than 80, the diameters of the SiC

nanowires increased easily. An optimum reaction temperature Acknowledgment. This work is supported by China National

for the SiC nanowires is about 70C. The reaction time must ~ Science Research Foundation.

be sufficient to ensure the carburization of Si powders. For a

higher yield of the SiC nanowires (about 38% according to the References and Notes

amount of Si used), a treatment time longer than 10 h at 700 (1) Alivisatos, A. P.Sciencel996 271, 933.

°C was needed. These results demonstrate that the present rout1e97(12) Wong, E. W.; Sheehan, P. E.; Lieber, C. Btiencel997 277,

differs from the known SHS reaCt'O_n mogfer® . (é) Verma, A. R.; Krishna, PPolymorphism and Polytypism in
There are two well-accepted whisker growth mechanisms: crystals Wiley: New York, 1966; Chapter 5, p 92.

the screw dislocation mechanihand the vaporliquid—solid < (%8P70\1vsellll. 555%.; Matus, L. G.; Kuczmarski, M. Al. Electrochem.

(VLS) meChamsrﬁ? The T.EM |mage_s of the Sic nanowlres OC(5) Féng, Z C.;-Mascarenhas, A. J.; Choyke, W. J.; Powell, JI. A.

showed no evidence of axial screw dislocations, suggesting thatapn| “phys 1988 64, 3176.

the SiC nanowires were not grown by the screw dislocation (6) Ryan, C. E.; Berman, |.; Marshall, R. C.; Considine, D. P.; Hawley,

mechanism. The liquid globules, inherent to the VLS mecha- J- J-(«'7'-)<3SfSe’tS;-l(SfﬁlV‘{”|‘%§SZ 12’12%?{1 Ceram. S0d969 52 624

nism, were found on the tip of the nanowires (no_t shov_vn). Thl_s (8) Motojima, S.; Hasegawa, M. Cryst. Growth198§ 87, 311.

fact SUggeStS that the VLS mechanism was dominant in the SiC (9) Bootsma, G. A.; Knippenberg, W. F.; Verspui, G Cryst. Growth

nanowire synthesis. According to free energy calculations, the 1971, 11, 297. o

reduction of CCJ by Na is thermodynamically spontaneous and 8% hsﬂgaerd";‘j‘g'g;]‘;ﬂsamiwui} nﬁméagg‘géi‘?%z? ﬂiéég'

highly exothermic AG{0 = — 355.7 kcalmot?, AH;0 = —360.7 97, 1505.

kcalmol1).2% In our experiment, substituting Si powders with (12) Dai, H.; E. Wong, W.; Lu, Y. Z.; Fan, S.; Lieber, Nature1995

bulk Si platelet and keeping the other reaction conditions 37%15)6?_'i,Y.;Qian,Y.;Liao,H.;Ding,Y.;Yang, L%, Co LiLF-: Zhou

constant, it was found that the Si platelet could melt (Si mp of g Science199g 281, 246.

1400°C) .2 This fact, together with the free energy calculations,  (14) Joint Committee on Powder Diffraction Standards (JCPZS)

suggests that the large amount of heat generated in this proces$129. _ )

can result in a high-temperature molten NaGi flux. The (15) McMahon, G.; Carpenter, G. J. C.; Mails, T.JFMater. Sci1991,

: 26, 5655.
surface of the molten Na€lSi flux may has a large accom- (16) Wang, L.; Wada, H.; Allard, L. FJ. Mater. Res1992 7, 148.
modation coefficient and is therefore a preferred site for  (17) Wagner, C. DHandbook of X-ray Photoelectron Spectroscopy
deposition of atoms from the vapor phase reactant QCCl, Perkin-Elmer Corporation: Eden Prairie, MN, 1979.

. , . 18) Feldman, D. W.; Parker, J. H., Jr.; Choyke, W. J.; PatriciHys.
bp of 76°C)2° which can benefit the VLS nucleation for the Raﬁ_ 1)96861%?1987_ arker fro hoyke atricklys

SiC. Meanwhile, the molten Na€ISi flux may also play a role (19) Olego, D.; Cardona, M.; Vogl, Rhys. Re. B 1982 25, 3878.

in facilitating the growth of the SiC nanowires . Since crystal ~ (20) Olego, D.; Cardona, MPhys. Re. B 1982 25, 3889.
(21) Choyke, W. J.; Feng, Z. C.; Powell, J. A.Appl. Phys1988 64,

growth involves the exchange of atoms at the growth front ;¢
planes, the high-temperature molten NaSI flux could keep (22) Nishino, K.; Kimoto, T.; Matsunami, Hipn. J. Appl. Physl 1995
the impinging atoms from being dislodged by thermal diffusions 34 L1110.

; ; ; (23) ltoh, H.; Yoshikawa, M.; Nashiyama, I.; Okumura, H.; Misawa,
and thermal vibrations, and thus enhance the nanowire grovvth.S.; Yoshida. SJ. Appl. Phys1995 77, 837.

A feature of this synthesis route is an initially high pressure in (24) Shim, H. W.; Kim, K. C.; Seo, Y. H.; Nahm, K. S.; Suh, E.-K.;
the autoclave, coming from the vaporization of gGhhich Lee, H. J.; Hwang, Y. GAppl. Phys. Lett1997, 70, 1757.
mav facili he VLS nucleation of th iC nanowires . (25) Holt, J. B.; Dunmead, S. DAnnu. Re. Mater. Sci 1991, 21, 305.

ay facilitate the S nucleation of the SiC nanowires (26) Narayan, J.; Raghunathan, R.; Chowdhury, R.; Jagannadham, K.

. J. Appl. Phys1994 75, 7252.
Conclusions (27) Sears, G. WActa Metall 1953 1, 457.
. . (28) Wagner, R. S.; Ellis, W. CAppl. Phys. Lett1964 4, 89.

In summary, the 3€SIC nanowires were successfully (29) Dean, J. ALange's Handbook of Chemistrg3th ed; McGraw-

synthesized through a reductieparburization route. The SiC  Hill, New York, 1985.



