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Polycrystalline tubular SiC on Si is prepared by reacting MeSiH@por and Ca thin film on Si at

773-923 K followed by heat treatment at 1273 K

. The reaction is a solvent-free Yajima-type process

taking place at the vapetsolid interface. The products phase-segregate into a cable-like radial
heterostructure composed of a core of Gadld a shell of SigH,. After removal of the CaGlcore, the

layer of polycrystalline SiC tubes on Si can emit
current of 10uA/cm?,

Introduction

Silicon carbide is an important semiconductor material for
high temperature, high power, and high frequency applica-
tions in demanding environmeritd.herefore, fabrication of
silicon carbide into nanometer scale devices has receive
considerable attention. To date, many kinds of silicon carbide

nanostructures have been successfully fabricated, including

electrons at a low applied field of 2 With a

Ca thin films on Si(100) wafers at relatively low tempera-
tures. The reaction is an improved Yajima-type reaction
carried out in a solvent-free conditidh.One-dimensional
[-SiC fibers prepared from the Yajima process can be used

dfor many advanced structural applicatidfsn this study,

potential application of the tubular SiC as an efficient field
emitting material will be explore#1°

nanoboxes, hollow nanospheres, nanorods, nanowires, and

nanocables:® But, there were only limited reports on the
synthesis of tubular silicon carbide nanostructineDraw-
backs of these approaches include low yields, low crystal-
linity, and difficulty to remove templates. Here, we demon-
strate that by using simple vapesolid reaction growth
(VSRG) methodology, ** high yield synthesis of large area

Experimental Section

A hot-wall reactor composed of a Lindberg HTF55122A tube
furnace and a 27 mm diameter quartz tube was used. In a typical
reaction, Ca powders (Alfa Aesar 99.5%, 0.30 g, 7.5 mmol) in a
10 cm quartz boat were placed at a distance 5 cm upstream away
from the center of the reactor. Another quartz boat loaded with

polycrystalline tubular SiC on Si substrates can be achievedSi(100) substrates was placed at 25 cm away from the center, which

by employing methyldichlorosilane, MeSiHCto react with
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was located just outside the furnace and at 430 K. Evaporation of
Ca was performed at 973 K under vacuum foh sothat Ca thin

films deposited on the Si substrates. Then, under 1 atm of Ar, the
Ca coated Si substrates were pushed into the reactor center. Under
the assistance of a constant flow of Ar (10 sccm), MeSpHI

255 K was evaporated into the reactor. The reaction was carried
out at 773-923 K for 12 h to generate a precursor coating. Finally,
the precursor coating was heated at 1273 Kifdn under vacuum

to offer samples of a layer of yellow thin film on Si.

Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) spectroscopic data were collected using a JEOL JSM-
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Figure 1. (A) Cross-sectional SEM image and (B) XRD pattern of a calcium thin film deposited on a Si substrate. The XRD pattern can be assigned to
JCPDF no. 23-0423.

6330F at 15 kV. Transmission electron microscopy (TEM) and 55: (A)
electron diffraction (ED) images were obtained on a JEOL JEM- ___
2010 at 200 kV. High-resolution TEM (HRTEM) images were 32
acquired on a JEOL JEM-4000EX at 400 kV. X-ray diffraction ™48
(XRD) studies were carried out using a BRUKER AXS D8 5 44]
ADVANCE diffractometer using Cu K, radiation. Fourier trans- c 1
form infrared (FT-IR) spectra were carried out using a Perkin-Elmer 40+
Spectrum One. Thermal gravimetric analysis (TGA) was carried *= 3¢
out on a Perkin-Elmer Diamond TGA. £ 1
. . . o 32-
Field emission measurements were performed in a vacuum g ~° |
chamber at a pressure of 1.651073 Pa at room temperature. A~ {8 284
1 mm diameter spherical-shaped stainless-steel probe was used = . , ]
. S - 24- ~803.8
the anode. Field emission characteristics of the samples were . i
measured with a Keithley 237 (max_ output vpltage 1_100 V, curr_ent 4000 3500 3000 2500 2000 1500 1000 500
10 mA). One sample of tubular SiC material on Si(100), which w b 1
was grown at 873 K followed by heat treatment at 1273 K, was avenumber (cm )
measured at an anodsample distance of 6om while the applied Figure 2. FT-IR spectra of samples grown at (A) 773 K, (B) 823 K, (C)
field voltage was raised from zero to 940 V. Another sample of 873K, and (D) 923 K followed by heat treatment at 1273 K. The absorption
tubular SiC material on Si(100), which was grown at 923 K bands marked with an asterisk (*) are from absorbe@® Iholecules.

followed by heat treatment at 1273 K, was measured with at an .
anode-sample distance of 76m while the applied field voltage ~ Processed at 1273 K under vacuum to thermally convert it

was raised from zero to 480 V. We define the turn-on fietig)( into the final product. In the process, Ca@as removed
and the threshold fieldg,) as the electric fields required to produce by evaporation as well. A yellow thin film, covering the Si
a current density of 1@A cm=2 and 10 mA cm?, respectively. substrate completely, was collected. For all thin films, the
FT-IR data in Figure 2 show major absorptions from-Si
Results and Discussion bonds near 800 cm and minor ones from residual-GH
_ ) ) ) bonds near 2925, 2850, and 1450 ¢éi¥ XRD data
The reaction was carried out in a horizontal hot-wall quartz displayed a broad peak at92= 35.7 from SiC(111)

tu_be reactor. Growt_h of a fresh surfac_e Ca thin film with a reflection (JCPDS no. 29-1129)and sharp peaks from Si
thickness of approximately &m on a Si(100) wafer at 430 oqactions (JCPDS no. 75-058%)The samples were also

K was achieved via a physical vapor deposition (PVD) cparacterized by using SEM, EDX, TEM, and selected area
process by evaporating Ca at 973 K. The Ca thin film, as g (sAED). With some variations in growth rates, sizes,
characterized by SEM and XRD in Figure 1, was smooth a4 crystallinity, that is, they all increased with the increasing

and free from other crys?a'llline phases, such as C_aSi,.ZCaSi temperature of reaction, the products showed comparable
and CaO. At the deposition temperature, interdiffusion of morphology, composition, and microstructures. Typical
elemental Ca and Si atoms to form CaSdmpounds was 4, carvations will be discussed below.

reported t_o be insi_gnificaﬁﬁ _Then, the Ca thin film was SEM and XRD Characterizations. A low-magnification
reacted with vaporized MeSiHECAt 773-923 K to form a SEM image of the yellow thin film grown at 823 K on Si

solid precursor Iayer_ on Si The__layer was propose_d 10 be t5110wed by heat treatment at 1273 K is shown in Figure
CaCb encapsulated inside a Yajima-type preceramic poly- g5 “rpe image displays numerous one-dimensional nano-
carbosilane precursor, Sig,.2 The material was further

(B)

(C)
(D)

(17) Joint Committee for Powder Diffraction (JCPDS) File No. 75-0589.
(16) (a) Canepa, F.; Napoletano, M.; Manfrinetti, P.; Palenzona, Alloys International Center for Diffraction Data, 1982.
Compd.200Q 299, 20. (b) Affronte, M.; Laborde, O.; Olcese, G. L.; (18) Joint Committee for Powder Diffraction (JCPDS) File No. 29-1129.
Palenzona, AJ. Alloys Compd1998 274, 68. International Center for Diffraction Data, 1982.
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the Si pattern in XRD was not from the tubular material layer.
Instead, it might originate from the interlayer because it was
Si rich as shown in the EDX result. One possible origin of
the Si crystals was from residual fragments of the Si
substrate. As the product layers were detached, some Si
fragments might attach to the product and were removed
together. Another possibility was that during the reaction
between MeSiHGland Ca at 823 K, a CaJayer was also
produced between the Ca thin film and the Si substrate by
interdiffusion of the corresponding elemefitsAs the
reaction progressed, the CaBiyer might react with MeSi-
HCI, to generate the interlayer composed of SiC and Si. On
the other hand, the presence of Si as a minor component in
the tubular product layer was observed for samples deposited
above 873 K (see below in TEM and TGA Studies). Even
though the image in Figure 3B suggests that the one-
dimensional material has an open-end tubular structure,
another SEM image in Figure 3E shows a sample with many
tubes with broken ends. An enlarged view in Figure 3F
displays a ruptured tip of a one-dimensional structure.

TEM Studies. Figure 4A presents the TEM image of the
sample grown at 823 K followed by heat treatment at 1273
K. It confirms that it is one-dimensional and has an apparent
open-end tubular structure with a diameter of approximately
100 nm and a wall thickness of #20 nm. SAED reveals
a slightly diffused pattern with three distinctive rings in
Figure 4B suggesting that the sample is polycrystalline with
crystallite sizes smaller than 4 nm. Starting from the most

T - inside ring, these rings are assigned to the reflections from
_ 1T 4m 200 nm SiC(111), SiC(220), and SiC(311) planes. They can be
Figure 3. Characterization of a sample grown on Si wafer at 823 K assigned to cubif-SiC with an estimated lattice parameter
followed by heat treatment at 1273 K. SEM studies: (A) low magnification a = 0.44 nm'’ No reflections from crystallites of Si and Ca
surface image, (B) high magnification inje_lge of a tube end and ED_X (inset, containing solids can be seen. The observations are in good
Au was sputtered to increase conductivity), (C) cross-sectional image of .
the deposited layers on Si and EDX (inset, from the squared area; Au was agreement with the XRD data. For the sample grown at 773
sputtered to increase conductivity), and (D) XRD pattern. The peak marked K followed by heat treatment at 1273 K, the TEM and ED
with an asterisk (*) is from the sample holder. (E) Low magnificationimage data were comparable, showing an apparent open-end
of tubes with ruptured ends and (F) high magnification of the circled area . . . . .
in part C showing a ruptured end of a sample grown on Si wafer at 873 K pOchrySta”me SiC tube with a diameter of apprOX|mater
followed by heat treatment at 1273 K. 80 nm and a wall thickness of-8.0 nm.

Figure 5A shows the TEM data of a sample deposited at
923 K and annealed at 1273 K. It is one-dimensional and
open-end tubular with a diameter of approximetly 300 nm
and a wall thickness of 6680 nm. Only Si and C atoms
can be observed in the EDX. SAED reveals a pattern with
five distinctive rings in Figure 5B, suggesting that the sample

Counts (a.u.)

structures tens of micrometers long. High-magnification SEM
images, such as the one in Figure 3B, suggest that the
material has an apparently open-end tubular structure with
a diameter of 106200 nm. An EDX spectrum shown in
Figure 3B (inset) indicates that the tubular material contains
Si, C, and traces of Ca and Cl. An SEM image of the thin . | walline. Th b ianed t bic Si with
film/substrate cross section in Figure 3C reveals that the 'S polycrystatine. They can _e assigned fo cubic i with an
tubular nanomaterial layer has a thickness up to several tense$tlmated _Iatt|ce par_ametar— 0.54 nm and CUbWS'S.IC
of micrometers. In addition, an interlayer with a thickness with an esﬂmatgd I_a ftice parameter- 0.4 nm%7,18_s tarting

of approximate.ly 9um is dbserved between the tubular from the most |ns.|de rmg,.these rings are a§S|gned to the
material layer and the Si substrate. An EDX spectrum of reflecnons from Si(111), SIC(ll.l)’ Si(200), SiC(220), and
the interlayer, as shown in the inset of Figure 3C, indicates SIC(311) planes. An HRTEM image, enlarged from the

that the material contains more Si than the tubular material sglected arga n F|gyre 5A, is shown in Figure 5C. Two
layer does different lattice spacing values, 0.317 and 0.254 nm, are

Figure 3D shows the XRD pattern of the deposited layer observed and assigned to the Si(111) A&IC(111) planes,

. 7.8 . . ) .
after being removed from the Si substrate. The SiC(111) respectlvelyl._ The Si content will be gstlmated using the ,

. : . : TGA result discussed below. The possible sources of the Si
reflection and the Si reflections are obserd&By using the

. ; . . : crystallites are the following ones. The first is the extrusion
Scherrer equation, the crystallite sizes of SiC and Si are y 9

. . of Si from the polymeric material within the preceramic
estimated to be 3 and 18 nm, respectively. Because only poly P
_reflectlons of e!ectrons from SiC were observed for the tube (19) Wirz, R.; Schmidt, M.; Schake, A.: Fuhs, WAppl. Surf. Sci2002
in the ED studies (to be discussed below), we suggest that 190 437.
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Figure 4. TEM studies of a sample grown at 823 K followed by heat treatment at 1273 K. (A) Low magnification image and (B) SAED.

S nm
Figure 5. TEM studies of a sample grown at 923 K followed by heat
treatment at 1273 K. (A) Low magnification image and EDX (inset, from

the squared area). (B) SAED and (C) high-resolution image enlarged from
a selected area in A.

precursor. In literature, in the preparation®8iC via the
Yajima-type routes, this was frequently observed at the high-
temperature processing stagé®2*Another possible source
of Si is from the gas-phase decomposition of MeSikfEl

It was reported that at 905 K, MeSiHGlecomposed into

(20) (a) Bianconi, P. A.; Weidman, T. W. Am. Chem. S0d.989 110,
2342. (b) Bianconi, P. A.; Schilling, F. C.; Weidman, T. W.
Macromoleculesl989 22, 1697.

(21) Seyferth, D.; Wood, T. G.; Tracy, H. J.; Robison, J.I1Am. Ceram.
Soc.1992 75, 1300.

(22) Ring, M. A.; O'Neal, H. E.; Walker, K. LInt. J. Chem. Kinet199§
30, 89.

CH,4 and SiC} initially. Then, SiC} was transformed into
the final gas-phase products HSi@hd SiCl. We propose
that, in this study, these chlorosilanes may react with Ca to
form the Si nanocrystals in the tubular wadts.

The data in Figure 6 suggest that the tubular structure was
formed from an originally sealed heterostructure which
ruptured later to allow the inner core to evaporate. The TEM
image in Figure 6A shows a close examination of a tube
with a ruptured end, which parallels to the SEM observations
in Figure 3E,F. The presence of a core before the heat
treatment is supported by the images of a rare example of a
filled tube section shown in Figure 6B,D. The TEM image
in Figure 6B reveals that the section is composed of Si, C,
Ca, and ClI, as identified by the EDX in Figure 6C. By
analyzing the ED pattern in Figure 6D carefully, we conclude
that the sample containsSiC, Si, and CaGl In the ED
pattern, the polycrystalline diffraction rings 2, 5, and 6 are
assigned t@-SiC while the rings 1, 3, and 4 are assigned to
Si. The diffraction spots from single crystalline Ca@re
circled. On the basis of this and the observations discussed
above, we suggest that the as-formed one-dimensional
precursor material has a sealed radial heterostructure, which
is composed of an inner core of Ca@hcapsulated inside
a preceramic shell of SiE,. Later, during the high-
temperature treatment at 1273 K, Ca@iporizes and raises
the pressure inside the heterostructure. This would cause the
originally sealed tips to rupture and allows CaGb
evaporate. We expect that extended heat treatment should
lower the CaCl concentration further. Meanwhile, SiC
crystallizes inside the shell to form the apparent open-end
tube morphology.

TGA Studies. From the above discussions, it is reasonable
to assume that the tubular products are composg¢dSIC
mainly. Silicon appears to be a minor component. In addition,
the samples may contain amorphous Si&S({C) and
amorphous C4d-C). To understand the stability and com-
position of the products, they were analyzed by TGA in an
ambiance of 100 sccm of flowing air. For the sample grown
at 923 K followed by heat treatment at 1273 K, it showed
5% weight loss at 873 K. This was due to the oxidation of

(23) Huang, C.-H.; Chang, Y.-H.; Lin, H.-K_; Peng, C.-H.; Chung, W.- S;
Lee, C.-Y.; Chiu, H.-TJ. Phys. Chem. @007, 111, 4138.
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Figure 6. (A) TEM image of a sample grown at 873 K followed by heat treatment at 1273 K showing a tube end. (B) TEM image, (C) EDX, and (D) ED
pattern of a sample grown at 923 K followed by heat treatment at 1273 K still retaining the @a€l

carbon atoms in the sample to form volatile £8ulk 5-SiC an atomic composition of 6998-SiC, 10%a-SiC, 7% Si,

is known for its resistance to air oxidation at high temper- and 14%a-C.

atures** a-SiC may be oxidized more easily, but the weight A similar TGA study and data analysis was performed
should be increased instead of lowered. Thus, the only origin o the sample grown at 823 K followed by heat treatment
of weight loss is the oxidation cd-C. As the temperature 4t 1273 K. At 823 K, the decomposition of MeSiHG@hto
increased from 873 to 1273 K, the weight increaseq 8%. HSICl; and SiC} is insignificant2 The sample probably
Then, as the sample was heated at 1273 K for 10 min, theontained a reasonably high amounteBiC but much less

weight increased 2%. Finally, after the temperature Was ;. For the first example, we assume that the sample did not
lowered to 425 K, another 3% weight increase was observed.paye Sj at all. If so, the atomic composition is estimated to

We attribute the 13% weight increase, starting at 873 K, to po 46%p-SiC, 34%a-SiC, and 20%-C. Another example

the oxidation ofa-SiC and Si in the sample to form SIO 555 umes that the sample contains some Si, 5% by weight.
HSICl; and SiCl, generated from the dissociation of MeSi-  ynger this condition, the possible atomic composition is

HClI,, are the probable sources of’3iThe final weight was  ggtimated to be 4996-SiC, 25%a-SiC, 6% Si, and 20%
108% of the initial sample weight. By assuming that only ,.c - Another estimated atomic composition, with 14% Si
a-C was oxidized below 873 K, we employed the trial and by weight, is 58%3-SiC, 7%a-SiC, 16% Si, and 19%-C.
error method to estimate possible tube compositions. If the o, the pasis of the analyses, we conclude that SiC, including
sample does not contain aaySiC, its composition is 84% g gic anda-SiC, was the major component in the tubular
p-SIiC, 11% Si, and 5%-C by weight. This corresponds 1o yqqycts. The Si content in the samples should be far less
an atomic composition of 72f4-SiC, 14% Si, and 14%-C. than 200%. It is important to note that the temperature of
It is possible that the sample contains SOm&IC. FOr  yeaction affected the ceramic precursor structure and com-
example, if the weight o&-SIC is 2% and the amount of  osjtion  significantly. The higher reaction temperature
a-C is the same 5%, there is 8386SiC and 10% Si. The  r6q,ced better mixed and bonded SiC precursor. In tumn,

atomic compqsition of the sample is determined Io b_e 72% after the heat treatment, the better precursor generated a better
B-SiC, 2%a-SiC, 12% Si, and 14%-C. Another estimation final product, containing more crystallizet4SiC.

shows that if the sample contains &iC and 5%a-C by p 4R ion Pathwavon the basis of the ab
weight, there is 7995-SiC and 8% Si. This corresponds to . ropose eaction at_ wayOn the basis of the above
information, we propose in Schamrl a pathway to sum-

(24) Narushima, T.; Goto, T.; Iguchi, Y. Hirai, T Am. Ceram. Soc. marize the overall reaction steps. We suggest that the SiC
199Q 73, 3580. tubes are grown via a VSRG pathway similar to the one
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Scheme 1. Reaction Steps To Form Tubular SiC on the Si A
Wafer ( )1 0
Ca Metal Particles PVD Cayyy Thin Film ) 45
2335 Tk d 0.8, ‘ Turn on: 2.8 Vipm . :§ j
MeSiHClyy,) l T73K-923 K, AP, NE 0.6- i‘ :n g !!
Tubular sic aom Jorc1@SICH, g 04| L— "% ’]
SiC,H, --14-:-
SIC Layer — # / .g.. 0.2 0008 1015202530435 }v‘f
1273 K, 0.13 Pa - . U1E (pmiV) u
0.0 il
proposed before for the growth of one-dimensional radial 0 2 4 6 8 1'0 1'2 1'4 186
heterostructure composed of a Gabre and ara-C shell? E (VI m)
In the current study, the reaction between MeSiH&id W
Ca produced phase segregated radial heterostructure of CaCl (B)
and SiGHy on the substrate. The ionic CaCas a result of 2.0 ==
a high cohesive force, forms an inner core. In addition, 1.81 |-|-um°,,; 2.6 Vipm _4:5:5‘ .
because the reaction temperature employed in this study, o 1.6 | 40 & j
773-923 K, is significantly lower than the melting point of NE 1.4 45 £
CaClb, 1048 K, CaC] can only grow into small diameter o 1.2 : /..-—-"”"' :: g f
seeds at the early growth stage. The seeds are wrapped inside a 1.0 V»- --e:n.;.': /
the other product, soft polymeric shells of S, which £ 0.8] £53 J/
are also formed at the vapesolid reaction interface. —~o6ls i 3 as e
Because the inner seed diameter is restricted by the polymeric = 0.4- 1E (woiV)
shell, incorporation of more products to the composite seed 0'2_ _,J'
does not enlarge it isotropically but elongate it in one 0-0 g
dimension. These factors work cooperatively to develop the  —_—_———-—T
products into a closed-end cable-like radial heterostructure 0 1 2 3 4 65 6 7
composed of a Caglkore and a Si¢, shell. Then, at an E (Vlum)

elevated temperature under vacuum, the preceramic shell is
transformed into SiC nanocrystals while the GaGbre ~ Figure 7. Field emission)—E curve and FowlerNordheim (FN) plot

d f h bl ds. Thi Id(mset). (A) A tubular SiC material on Si(100) at 873 K and heat treated at
evaporates and erupts irom the cable ends. This would;373°k. (B) A tubular SiC material on Si(100) at 923 K and heat treated

generate the tubes with the apparent open-end morphologyat 1273 K.

Field Emission Property StudiesField emission property
of the tubes is evaluatéd As shown in Figure 7A, a sample
grown on Si(100) at 873 K followed by heat treatment at

(®) value of 4.4 eV for SiC and slopes of the-N plots in
the insets in Figure 5, the values are estimated to be 1800
and 2900 for the samples grown at 873 and 923 K,

1273 K shows an excellent emission pro turn-on

field) of 2.8 Vjum and Ey, (threshold figld)pf(tze(eding 16 respectivel\’! The reason _Why _that the tubes grown at_ 923
V/um. Another sample, deposited at 923 K followed by heat K performed better, (_amlttlng higher current a.lt '°W_ef _f|e|d,
treatment at 1273 K, showed &, of 2.5 Vjum andEq, of is attributed to the higher content of crystall_lzﬁe:BlC in

less than 7 \iim in Figure 7B. Clearly, the tubes grown at the product. As far as we know, the results discussed above

923 K performed better than the ones grown at 873 K, even are the first field emission property data for SiC tubes. The
though they were heat-treated at the same temperature md gta are much Ioweratzhan most of the reported data of other
1273 K. For both samples, the Fowta@dordheim plots of SIC nanostructure®-

the curves showed linear sections ab&ge This suggests
that their field emission mechanism is conventiof§dt. is
known that the field enhancement factgt, is strongly In this study, we have synthesized SiC tubes via a VSRG
dependent on the sample geométr§ Generally, samples  pathway employing the vapor of MeSiH@b react with Ca
with high one—dimensic_)nal aspect ratio _structures showc_ad low deposited on Si. The reaction is a solvent-free Yajima-type
turn on valueg?*In this study, employing a work function  process that takes place at the vapsolid interface. For

Conclusions
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the reaction, the products Ca@nd SiGH, phase-segregate indicates that the SiC tubes may have promising field-
and undergo transformation into a cable-like radial hetero- emitting applications for vacuum microelectronic devices.
structure. After heat treatment, which converts the preceramic
SiCHy shell material into SiC and removes the CaClire,
the layer of SiC tubes is fabricated on Si. From the tubes
emission of electrons with a current A/cm? can be
obtained at an applied field as low as 2.5&. We suggest Supporting Information Available: XRD, SEM, EDX, TEM,
that the high performance is not only due to the high aspect ED,_ TGA, and composmo_n analysis data (PDF). This material is
ratio of the one-dimensional tubular morphology but also to available free of charge via the Internet at http://pubs.acs.org.
the large field enhancing factg®. This excellent result =~ CM070925E
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