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bstract

technique based on melt spinning of precursor was introduced to produce continuous freestanding SiC films. An equipment including spinneret,
andril, tank and seal groove was designed and manufactured for melt spinning. The polycarbosilane (PCS) precursors were deaerated, melt spun,

rosslinked (by oxidation or irradiation), and pyrolyzed at high temperature in order to convert the initial PCS into freestanding SiC films. Our
esults revealed that the continuous freestanding SiC films, approximately 8 �m to 190 �m in thickness depended on setting, were uniform and
ense. Their microstructure consisted of amorphous SiOxCy, �-SiC nano-crystals and free carbon. The photoluminescence (PL) spectrum showed

wo blue emissions at 416 nm and 435 nm. The continuous freestanding SiC films with high modulus, high density, high surface hardness and
ptoelectronic properties may have potential applications in microelectromechanical systems (MEMS), advanced optoelectronic devices and such
omplex-shaped materials.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon carbide (SiC) films are currently being explored as
n important ceramic coatings because of their hardness and
oughness, which makes them a very attractive candidate mate-
ial for scratch-resistant coatings on metals, glass, and other
aterials.1–3 SiC films could also be used as a material for

he next generation of high-power, high-temperature electronic
nd optoelectronic devices.4 Amorphous and polycrystalline �-
iC films had attracted much attention for the applications such
s hard protective coatings, semiconductor, structural materials
or power microelectromechanical systems (MEMS) in harsh
nvironments. SiC films are promising for these applications

ue to their large energy gap, high electric breakdown field,
lectron saturation drift velocity, high mobility, high thermal
onductivity, chemical inertness and temperature stability.4,5 In
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ddition, SiC films are also a very good luminescent mate-
ial emitting in the visible spectrum ranging from blue to
ellow.6 So far, chemical vapor deposition (CVD), physical
apor deposition (PVD), molecular beam epitaxy, sputtering,
r laser ablation have been successfully employed to deposit
iC coatings on substrates.3–6 However, these methods, based
n relatively expensive equipment and time-consuming proce-
ures, are not always practical or cost-efficient. It has been
enerally reported that the formation of voids and defects are
bserved at the SiC/substrate interface in the initial stage of
he growth, which leads to serious problems in the realiza-
ion of SiC MEMS devices.7 In addition, the performance of
he SiC coatings is often dependent on the coating/substrate
nteraction since the mismatches of thermal expansion coef-
cient and lattice constant usually exist at the interface. And
esidual strain accumulated at the interface can lead to warp-
ng problems. Therefore, there has been a considerable amount

f interest in the development of alternative technique for
roducing SiC films which may avoid the significant differ-
nce of the thermal expansion coefficients between SiC and
ubstrate.

mailto:zdfeng@xmu.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2008.11.019
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Polycarbosilane (PCS), the precursor of continuous SiC fiber,
s synthesized from polydimethylsilane (PDMS). It was first
ntroduced by Yajima et al.8 in 1975 and widely known for
ts use in the synthesis of NicalonTM and Hi-NicalonTM fibers.
n the fiber fabrication process, the PCS is melt spun, cured
ith oxidation-induced crosslinking or electron beam (EB) irra-
iation, and then pyrolyzed at high temperature. This method
s of great advantages in simple process, low cost and good
erformance.9

Chu et al.10,11 first studied preparation and characterization
f amorphous SiC film by a liquid route. In the SiC thin-film
eposition process, the PCS was dissolved in a suitable solvent,
ast onto the substrate, and then pyrolyzed. Because thin films
f PCS were likely to be more sensitive to the pyrolysis condi-
ions than fibers or bulk material, Colombo et al.12,13 reported
hat PCS thin films were deposited on silicon substrates by spin
asting and pyrolyzed under vacuum at temperature ranging
rom 200 ◦C to 1200 ◦C. At temperature ranging from 1000 ◦C
o 1200 ◦C, the initial amorphous PCS films transformed to
olycrystalline �-SiC. PCS films could be deposited at thick-
ess up to 2 �m. However, extensive cracking existed in the
yrolyzed films and their thickness was limited after each depo-
ition. Multiple-coating process was required to increase the
hickness of the films. Mismatches of thermal expansion coeffi-
ient and lattice constant in the film/matrix interface still existed,
lthough this technology could provide the possibility of coating
arge surfaces, objects with irregular geometries, and/or textile
bers. This meant that spin cast films had an inherently high
esidual stress and bad adhesion. Spin cast films were also less
ense and more susceptible to chemical attack than materials
eposited by other means.14

Nagasawa and Yagi had developed a low temperature process
1000 ◦C) to facilitate the growth of �-SiC films on 150 mm Si
afers. Recently, they managed to increase the SiC deposition

ate by about 50 times as compared to the standard process,
ermitting the realization of thick freestanding �-SiC films after
emoving the Si substrate.15 However, the technique could not
void the formation of voids and defects at the SiC/Si interface.

Furthermore, some works on making MEMS from prece-
amic polymers had been reported. Silicon-based polymers
ontaining nitrogen, carbon, boron, etc. had been developed as
recursors for various non-oxide ceramics (SiC, Si3N4, differ-
nt stoichiometric Si–C–N and Si–B–C–N system). Preceramic
olymers could be utilized as reactive feedstock in microcast-
ng technique, which involved the using of a mask generated by
hotolithography, subsequent casting, and the thermal or pho-
ochemical curing of the precursor compound. The method was
eported to be more actual for the fabrication of MEMS.16–26

However, to the knowledge of the authors, there is no report
oncerning the preparation of continuous freestanding SiC films.
ontinuous freestanding films could avoid the coating/substrate

nteraction resulted from the techniques mentioned above. And
he vital questions relating the technique are the uniformity,

ompactness and continuity of the resulted freestanding films.

In the present study, a special spinneret was designed and
anufactured for melt spinning of PCS continuous freestand-

ng films. Moreover, the precursor PCS green films were cured

t
W
s
1

ramic Society 29 (2009) 2079–2085

o be infusible with oxidation-induced crosslinking and elec-
ron beam irradiation, respectively. Subsequently the cured
CS films were pyrolyzed into inorganic material in regular-
rade argon. The goal of this study was to develop a novel
echnology of preparing continuous freestanding SiC films by

elt spinning of precursor. The morphology, microstructure
nd composition of the green and resulted films were charac-
erized to provide a detailed understanding of technique and
roducts.

. Experimental procedure

The PCS samples (Si: 41.03 wt%, C: 43.24 wt%, O:
.05 wt%) employed in this study were synthesized in our lab-
ratory. They were transparent solid with a number average
olecular weight of 1426 and a weight average molecular
eight of 3296. The melting point of PCS was 215 ◦C and the

hemical structure was represented below.

A schematic diagram of experimental equipment was shown
n Fig. 1(a and b). A special spinneret was set up for melt spinning
f films under heating condition. The experimental apparatus
ncluding spinneret, mandril, tank, seal cover and seal groove.

melt spinning machine was built for loading and spinning.
he spinneret which was made of carbon steel contained four
djustment screws, spinneret mouth and double special-shaped
pinneret blocks. The thickness of freestanding films was con-
rolled by adjusting the spout size of the spinneret mouth and
pinning speed. PCS samples were placed in the tank between
he mandril and spinneret in order to spin the continuous free-
tanding green films through spinneret mouth.

PCS was first deaerated for 3 h in the vacuum deaeration fur-
ace under 290 ◦C, and then melt spun using a melt spinning
achine under 265 ◦C at an extrusion rate of 0.3 mm/min. The
elting tank was protected with high-purity nitrogen to pre-

ent the PCS from oxidation. The PCS green films were melt
pun in air as PCS was extruded through the spinneret mouth.
he spinning speed ranged from 100 m/min to 500 m/min with

he different spout sizes (50 �m, 100 �m, 150 �m, 200 �m
nd 250 �m) of the spinneret mouth, respectively. The melt
pun PCS green films were wound onto several coils, each
oil contained freestanding films greater than 100 m in length.
ome green films were treated with oxidation-induced crosslink-

ng in an air at a flow rate of 200 ml/min with a heating
ate of 3 ◦C/min and held for 3 h at 190 ◦C. The cured PCS
lms were pyrolyzed in an argon at a flow rate of 200 ml/min
ith a heating rate of 10 ◦C/min and held for 2 h at 1200 ◦C;
ther green films were irradiated by 2 MeV EB from an elec-

ron accelerator (Model GJ-2, Shanghai No. 1 Machine Tool

orks, China) up to the dose of 12 MGy under the He atmo-
phere at room temperature with the radiation dose rate of
.5 kGy/s. After the irradiation, the cured green films were heat-
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result from the decomposition of amorphous SiOxCy with evap-
oration of gaseous SiO and CO at a temperature above 1000 ◦C,
ig. 1. The relationship among the thickness of the films, the spout size of the s
hickness as a function of the spout size of the spinneret mouth and (b) thicknes

reated at 400 ◦C for 1 h to quench the surviving free radicals
roduced by the irradiation in the films, because these free
adicals were easy to react with oxygen in air, and reduced
he heat resistance of the ceramic films obtained.27,28 And
hen the cured PCS films were pyrolyzed in an argon at a
ow rate of 200 ml/min with a heating rate of 10 ◦C/min and
eld for 2 h at 1200 ◦C. The morphology and thickness of
he films were examined by a scanning electron microscope
SEM) (Model 1530, LEO, Germany), and their composition
nd microstructure were characterized by electron probe micro-
nalysis (EPMA) (JXA-8100, JEOL, Japan), Fourier transform
nfrared spectrometer (Nicolet Avatar FT-IR 360, USA), Raman
pectrometer (LabRam I, Dilor, France), transmission electron
icroscope (TEM) (Tecnai F30, Philips-FEI, USA) and X-ray

iffractometer (XRD) (X’pert PRO, Panalytical, Netherlands).
he typical physical properties of films were tested by Automatic
ridge (HP16047A, USA), Microhardness Tester (HV-1000,
boeo Detecting Instrument, China) and Universal Testing
achine (Sun 2500, Galdabini, Italy). The photoluminescence

PL) spectra of the films were measured at room temperature
y a Hitachi F-4500 spectrophotometer using a Xe lamp as
n excitation source. The resolution of the monochromater was
nm.

. Results and discussion

.1. Film formation and morphology

The freestanding SiC films of thickness ranging from 8 �m
o 190 �m measured from the SEM micrographs of the cross-
ections and without notable defect could be obtained in this
tudy. The thickness of the films mainly depended on the spout
ize of the spinneret mouth and the ratio of spinning speed to
xtrusion rate. Fig. 1 shows the relationship between the thick-
ess of the films and the spout size of the spinneret mouth and

he spinning speed at a steady extrusion rate of 0.3 mm/min.
ig. 1(a) revealed the thickness of the films increased linearly
ith increasing spout size of the spinneret mouth. Fig. 1(b)

hows the thickness of the films as a function of the spinning

F
P
(

ret mouth and the spinning speed at an steady extrusion rate of 0.3 mm/min. (a)
function of the spinning speed.

peed, and the thickness was inversely proportional to the spin-
ing speed. Therefore, the result meant that the thickness could
e controlled via these conditions.

The continuous freestanding PCS green films wound on a coil
as showed in Fig. 2(c). The SEM examination of the surface

nd cross-section of green and pyrolyzed freestanding films were
howed in Fig. 3. The figures indicated that the surface of the
lms were smooth, uniform, and dense. Few flaws presented in

he films under high magnification (greater than 10,000×) might
ig. 2. Cross-section of the setup for melt spinning of continuous freestanding
CS films. (a) Side view of melt spinning device; (b) top view of spinneret and
c) image of PCS green films.
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Fig. 3. SEM images of freestanding SiC films. (a) PCS green film; (b) cross-
section of PCS green film; (c) pyrolyzed SiC film with oxidation and its
c
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Table 1
Compositions and properties of continuous freestanding SiC films.

Film properties Film with oxidation Film with irradiation

Thickness/�m 19.35 ± 0.87 19.41 ± 0.93
Density/g cm−3 2.58 2.69
Modulus/GPa 248 265
Hardness/GPa 10.94 11.65
Resistivity/� cm 104 to 105 32.56
Shrinkage/% 26.23 25.96

Elemental composition
Si/wt% 56.6 57.3
C/wt% 30.1 38.4
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ross-section enlargement; (d) surface of pyrolyzed SiC film with oxidation;
e) pyrolyzed SiC film with irradiation and its cross-section enlargement and (f)
urface of pyrolyzed SiC film with irradiation.

ain reaction included the following29:

iOxCy(s) → SiC(s) + CO(g) + C(s) + SiO(g) (1)
.2. Compositional and structural analysis

The FTIR spectra in Fig. 4 had been collected for the green
lm, and films cured by oxidation and irradiation (peaks at

Fig. 4. FTIR spectra for continuous freestanding SiC films.
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O/wt% 13.3 4.3
n(C)/n(Si) 1.24 1.31

950 cm−1 and 2900 cm−1, due to C–H stretching of Si–CH3, at
100 cm−1, due to Si–H stretching, at 1250 cm−1, due to Si–CH3
ymmetric deformation, and at 1020 cm−1, due to Si–C–Si
tretching of Si–CH2–Si).8,12 The FTIRs exhibited increased
iC character due to crosslinking of terminal Si–H and Si–CH3
roups, which was consistent with the loss of hydrogen (cleaving
f the C–H and Si–H bonds in the PCS) that was observed. The
pectra showed that the adsorption peak of Si–H in the film cured
ith oxidation was lower than that with irradiation. The pres-

nce of Si–H, Si–CH2–Si, Si–O–Si, and Si–CH3 modes in their
pectra, together with the measured stoichiometric ratios, sug-
ested the formation of –[SiH(CH3)–O]3–SiH(CH3)–C– chains
ith Si–C–Si links between them.
The oxidation-induced curing mainly resulted in the

rosslinking with oxygen of terminal Si–H and Si–CH3 groups
n the PCS, which formed Si–O–Si and Si–CH2OOH bonds.
owever, in the case of EB irradiation, Si–H and Si–CH3 groups

n PCS reacted with neighboring chains to form a new bonding
f Si–CH2–Si between PCS chains. In addition, a part of Si–H
roups reacted with each other to form Si–Si bonds. After cur-
ng, the films were converted to SiC using heat treatment. The
yrolysis reaction mechanism from the organic PCS to ceramic
iC consisted of the debonding reaction of Si–H and Si–CH3 at
00–900 ◦C, and the decomposition of C–H bonds in Si–CH2–Si
bove 900 ◦C.27–29

The composition of the pyrolyzed freestanding SiC films with
xidation and irradiation were shown in Table 1. The chemical
oncentrations were all measured by EPMA. As expected, it
learly appeared that the oxygen content of the EB-cured films
as significantly lower than that of the oxygen-cured films orig-

nated from the PCS precursor used which was pre-oxidized in
ts as-received state. Both the films contained high amounts of
ree carbon. The EB-cured films generally had a slightly higher
ree carbon amount than that of oxygen-cured films. This feature
as probably due to the much lower amounts of carbon atoms

ngaged in the rare or nearly absent SiOxCy phase in the former
lms.27,28

Fig. 5(a) shows the typical X-ray diffraction (XRD) pat-

erns of pyrolyzed SiC films with oxidation-induced crosslinking
nd EB irradiation. The XRD patterns using Cu K� of the as-
eceived SiC-based films showed three main peaks which were
ssigned to the (1 1 1) (2θ = 35.528◦), (2 2 0) (2θ = 59.862◦) and
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Fig. 5. (a) XRD of continuous freestanding SiC films a

3 1 1) (2θ = 71.758◦) planes of �-SiC phase. The XRD peaks
f SiC films by irradiation were apparently sharper than that
y oxidation. The average crystallite sizes of �-SiC grains in
he oxygen-cured and EB-cured films had been calculated to be
.2 nm and 4.5 nm using the Scherrer equation, which was calcu-
ated from the half-value width of the (1 1 1) peak, respectively.
he result indicated that �-SiC grain in the SiC films cured with

rradiation grew into larger crystals than that with oxidation.
The Raman spectra investigation on films was present in this

tudy. Fig. 5(b) shows the Raman spectra of pyrolyzed SiC films
ith oxidation-induced crosslinking and EB irradiation. The

ntensity of the peaks at 1347 cm−1 and 1600 cm−1 was pro-
ortional to the amount of free carbon in the films.12,13 These
eaks were rather wide, which indicated structural and chemi-
al short-range disorder. It was revealed that the peak value of
lms with irradiation was larger than that with the oxidation.
o a large proportion of the carbon atoms in irradiated films
egregated into clusters during pyrolysis.

The TEM analysis (Fig. 6) very clearly showed that the main
hases of continuous freestanding SiC films were amorphous
iOxCy. According to XRD and Raman spectroscopy analysis,
-SiC nano-crystals did not appear in the images, due to their

iny sizes less than 5 nm.30,31 Thus, they were embedded within
morphous SiOxCy and free carbon. The electron diffraction pat-
ern of films cured with irradiation (Fig. 6(b)) showed microcrys-
allites of �-SiC, the broaden rings corresponding to the (1 1 1),
2 2 0) and (3 1 1) Bragg reflections of �-SiC, whereas Fig. 5(b)
hows the amorphous structure. This result indicated the �-SiC
ano-crystals size in the pyrolyzed film with irradiation was
arger than that with oxidation. Moreover, the film also contained
lower percentage of amorphous SiOxCy than oxidation.

.3. Physical properties

The continuous freestanding SiC films of approximately
0 �m in thickness were selected to character their physical
roperties. This dimension suited for MEMS and optoelectronic

evices applications.10–16,25,32

The resistance was directly measured at room temperature by
eans of an (HP16047A) test fixture. The results were shown

n Table 1 for the continuous freestanding SiC films with oxi-

E
3
i
t

) Raman spectra of continuous freestanding SiC films.

ation and irradiation. The resistance of the oxygen-cured films
as 104 � cm to 105 � cm, and the value was about 3–4 orders
f magnitude higher than the EB-cured films. Both the films
howed a typical semi-conducting behavior. Considering that the
lms consisted mainly amorphous SiOxCy, �-SiC nano-crystals
nd free carbon, Such a value of electrical conductivity strongly
uggested that the component controlling the electrical behav-
or was mainly the free carbon phase.33 Because of the higher
olume ratio of the free carbon phase to �-SiC in the EB-cured
lms, such value of electrical conductivity consistent to that of
arbon materials suggested a continuous texture of the free car-
on phase throughout the films. And the free carbon could form
onducting domains. So the resistance value of the EB-cured
lms was lower than that of the oxygen-cured films.

The hardness of continuous freestanding SiC films was mea-
ured at room temperature with a microhardness tester. The
ardness of the oxygen-cured films and EB-cured films was
0.94 GPa and 11.65 GPa, respectively. The room temperature
lastic modulus for both films measured by a materials tester,
ere 248 GPa and 265 GPa, according to American Society of
esting Materials (ASTM D3379-75). The density was mea-
ured by a pressure-of-flotation method (PFM). The estimated
ensity of oxygen-cured films was 2.58 g cm−3, and the value
as smaller than that of EB-cured films (2.69 g cm−3). The

hrinkage of the film was reported as12

hrinkage (%) =
(

t0 − t

t0

)
× 100

here t0 was the initial film thickness and t was the final
lm thickness after pyrolysis. The shrinkage upon pyrolysis of

he oxygen-cured films and EB-cured films were 26.23% and
5.96%, respectively.

.4. Photoluminescence properties

Fig. 7 depicted the room temperature PL spectra of the
yrolyzed SiC films with oxidation-induced crosslinking and

B irradiation, respectively. The spectra were acquired under
75 nm excitation of a Xe lamp. The PL spectra of films appeared
n the visible light range and had a broad spectra feature with
wo blue peaks at 416 nm (3.01 eV) and 435 nm (2.88 eV), which
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ig. 6. TEM and electron diffraction pattern images of continuous freestandin
rradiation.

ere far above the band gap energy of the bulk �-SiC (2.30 eV).
omparing PL spectra of oxygen-cured films with EB-cured
lms, it was revealed that their positions almost kept unchanged,

heir intensities had large difference. The PL intensity (integral
ntensity) from the former was larger than that from the later.

PL consisted of three processes, which were photo-
xcitation, energy transmission and radiative recombination of
he electron–hole pairs, respectively. Though different sizes of
-SiC nano-crystals existed in the two films, no position shift
f the PL peaks illustrated that the blue double-peak PL was
ot from band to band recombination in the quantum confined
-SiC nano-crystals or quantum size effects.34 Thus, the origin
f PL centered at 416 nm and 435 nm might be related to the
tates at the surfaces of �-SiC nano-crystals, possibly a state of
i–Ox related defects.34–36

The amorphous SiOxCy consisted of mixed bonds of Si–O–C
etrahedral which contained abundant Si–Ox.9,12,33 For the
-SiC films, the surface models had also been adopted to elu-

idate the blue light-emitting properties related to the �-SiC
ano-crystals.34,35 The photoexcited free electrons could tun-
el through the surface of �-SiC nano-crystals and induce
adiative recombination with Si–Ox related defects.34,36–38

ig. 7. Photoluminescence spectrum for continuous freestanding SiC films.
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films. (a) pyrolyzed SiC film with oxidation and (b) pyrolyzed SiC film with

bove-mentioned reports and this study indicated that the PL
roperty was affected by the presence of Si–O–C tetrahedral,
nd the two blue PL peaks arised from the Si–Ox bonds forma-
ion. The intensity of Si–Ox bonds and that of PL were enhanced
imultaneously with the increase of oxygen content. Moreover,
he specific surface area of �-SiC nano-crystals in the oxygen-
ured films was larger than that of the EB-cured films, due to the
maller grain size distribution. Therefore, the PL intensity from
he former was larger than that from the later. Recently some
esearchers also ascribed the peak at 416 nm to the C clusters.6

owever, further experimental and the theoretical investigations
ere needed to address this issue. In addition, their thermal,
echanical, electrical and optical properties still needed further

esearch.

. Conclusions

In this investigation, the dense and continuous freestanding
iC films were first synthesized using the novel technique of melt
pinning of PCS precursor. An equipment consisted of spinneret,
andril, tank, seal cover and seal groove was successfully set

p for melt spinning. In comparison with spin-coating process
sing PCS on Si substrates, the freestanding films could avoid
ismatches of thermal expansion coefficient and lattice constant

t the interface between SiC coatings and substrate.
The microstructure of the freestanding films consisted of

morphous SiOxCy, �-SiC nano-crystals and free carbon. The
hickness of the films ranged from 8 �m to 190 �m depending
n the spout size of spinneret mouth and spinning speed. Results
evealed that green freestanding films could be cured with
xidation-induced crosslinking or EB irradiation. The continu-
us freestanding SiC films may be promising in the applications
uch as MEMS, source of blue light, advanced optoelectronic
evices and such complex-shaped materials.
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