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Thin silicon carbide films have been deposited by chemical vapor depositipyge (100) silicon
substrates. The composition and bonds formed in these films have been analyzed by x-ray
photoelectron spectroscopyPS) and infrared spectroscopy. The native surface oxide on the silicon
carbide surface induced by air exposure has also been studied. Several phases are detected in the
near-surface region: elemental Si, Si oxidewinly Si0Q,), Si carbide(SiC) and Si oxicarbides
(SiOCy). Quantitative XPS analysis results indicate that, for atomic oxygen fractiéhs5, the

Si—C phases are dominant in the films. Above this value no silicon oxicarbide is observed, but a
multiphase material formed by elemental Si, Si oxides and Si carbides is observed. In spite of the
film being a complex phase mixture, a simple relationship is found between the overall carbon and
oxygen compositions. The carbon atomic fraction in the film decreases quasilinearly as the oxygen
content increases, with a slope of abett. An overall composition of SiC; _, in the 0.5<x

<2 range is found for the phase mixture. A comparison with silicon carbide obtained pyi&@H
implantation into monocrystalline silicon is made. ZD01 American Institute of Physics.
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I. INTRODUCTION chemical bonding of SiC obtained by CVD and low-energy
ion implantation of CH ions into silicon. In addition,

Silicon carbide is an important material for the manufac-chemically inhomogeneous CVD SiC has also been studied.

ture of optic and electronic devices working at high temperaThe chemical modifications due to oxidation of the SiC films

ture, high frequencies and high power. This is due to thén the near-surface region, induced by exposure to the air, are

outstanding properties of SiC films: wide band gap, highdescribed. The influence of the oxygen concentration is also

electric field breakdown, large value of thermal conductivity, studied.

and excellent chemical, mechanical and thermal

stabilities!~® Silicon carbide exists in a large number of poli- II. EXPERIMENT

types or structural forms, with different stacking sequences

of close-packed Si and C layefs’ Intense research has also Thin silicon carbide films were obtained by the CVD

. " . techniquep-type (100 silicon wafers polished on both sides
been carried out on amorphous hydrogenated silicon Carbldtv(\elere used as substrates, previously cleaned and degreased by

I(\?_Srlci/H)r beifiauie Ofrblitj pot(:lntl;al m)?igisztngl tapplr|c§t|0ns.the usual procedures. The reactor consisted of a conventional
oreover, sfiicon carbide can be oxidized 1o produce aquartz tube heated in a furnace. Dichlorosilane and acetylene
stable and electrically insulating silicon dioxide passivating

laver 10-18 were used as precursor gases. During all depositions the
yer. ressure and temperature in the reactor were 200 mTorr and

G_e nerally, silicon carb_ide films are pre_p_ared by severa 000 °C, respectively. The gas flow rates were kept at a con-
techniques such as chemical vapor depositioND), sput- stant value of either 10 or 50 scostandard cubic centime-

tgr_ing, glovv_—disc_:harge deposition, efc*In this work thin_ ters per minutg The thickness of the CVD films was in the
silicon carbide films were produced by CVD. An alternatlve0 05-1 um range as measured by a profilometBektak

route is the low-energy ion implantation of q‘;Hons into 3030. The surface of the as-deposited SiC films was homo-
silicon. Low-energy ion implantation and ion-assistedgoneqys without cracks but with a few voids, as shown by
growth processes, due to chemical reactions between the a§6anning electron microscopy analy§ldn order to obtain

tive ions and the substrate atoAis2°are a common trend in chemically inhomogeneous SIC filnsith unreacted Si and
material technology. In this work, x-ray photoelectron spec-, the reactor geometry and the position of the wafers in the
troscopy (XP9S and_mfrared s.pectroscop(s_lR) have _bgen system are the most determinant parameters. Silicon carbide
used to study the differences in the atomic composition ang|ms were also synthesized by CHon-beam bombardment

of p-Si at 2 keV. From calculated ion ranges the estimated
dElectronic mail: imontera@icmm.csic.es carburized depth was 5 nm. The ion bombardment was per-
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FIG. 1. IR spectra of CVD SiC of different thicknesses. The position of the
Si-C, Si-0, Si-0' and Si-Si bands is marked. The TEOS silicon oxide o
has been included for comparison.
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formed in an uItrahlgh Vacu_um preparation C_hamber dlrectlyFIG. 2. Typical Si 2p core level XPS spectra of CVD silicon carbide, panels
attached to the XPS analysis chamber. The ion source of tlyg)_(d)’ and SIC obtained by GHion bombardment on Si, panel e. The

cold-cathode Penning type produced a Ckn flux with  continuous lines show the results of computer-assisted peak separations into:
mass not selected:?8 of 20 wA on a surface area of 1.5 ém  Si—Si, Si-C, Si-O-C and Si-O cgunents of Gaussian/Lorentzian line
(~8x 10" ions /enf's). CH; is the most dominant ion jn SNaPe and the resulting sum.
this type of plasma ion source.

XPS analysis was performed with a VGS ESCALAB

210 instrument using non-monochromatic Mga (x- cm™ -, This large value of FWHM can be attributed to the

- = ; different Si—C bond lengths and bond angles in an amor-
radiation hv=1253.6 eV. The analyzer was operated in the us material. The absorption band located at 1100%m

constant-pass energy mode, the pass energies were 20 anOIIa eled Si—-& assigned to the Si—O stretching vibration, is

eV for the core level and survey spectra, respectively. The . . o . .
) . not associated with the presence of silicon oxide, and is at-
corresponding resolutions of the electron energy analyzer

were—~0.4 and~1.0 eV, respectively~2% of pass enerdy tributed to interstitial oxygen impurities dissolved in the sili-

CVD SiC samples and SiC samples obtained by ion bomg;on subs_tlrate. For comparison, th_e absorption band located at
. S . 1070 cm Y(spectrumd ), labeled Si—®, corresponds to the
bardment were analyzezk situandin situ, respectively. IR

> e Si—0 bonds of the silicon oxide coatit§EOS.?° The nar-
spectra were recordeex situin the transmission mode at . o
S : ~ row band observed in all spectra at about 600 &rorigi-
normal incidence, in the 4000-250 ¢t wave number

. . . nates from the network vibration of the silicon substrate,
range, using a double beam dispersive spectrophotometily, o s i The intensities of both Si—Si and Sibands
(Hitachi mod. 270-5h :

decreases with increasing thickness of the silicon carbide
coating. The absence in the survey spectra of the CVD sili-
con carbide of the absorption bands due to the Si—H and
Figure 1 shows the infrared spectra of thin silicon car-C—H bonds, at~2100 and 2900 cmt, respectively’’ is
bide films of different thickness, 0.05, 0.1 anglfn, spectra  worth noting.
a, b, andc, respectively, obtained by CVD at 50 sccm. The The near-surface region of the silicon carbide was ana-
spectrum of a tetraethylorthosilicatd EOS silicon oxide lyzed by XPS. Figure 2 shows the Sp Zore level XPS
film, deposited at 700 °C by decomposing tetraethoxysilanespectra representative of silicon carbide films obtained by
Si(OC,Hs) 4, in a low-pressure CVD reactor, has been in-CVD at 10 and 50 sccm, panela) and (b), respectively.
cluded for comparisortspectrumd).?® The presence of the Surface regions with chemically inhomogeneous SiC forma-
strong peak at about 800 crhis associated with the funda- tion, typical of inhomogeneous films, are shown in parels
mental transversal optical phonon frequency of the Si—CGnd (d), respectively. The spectrum of silicon carbide ob-
stretching vibration, labeled Si—C. The full width at half tained by ion implantation is also included for comparison,
maximum (FWHM) of the Si—C absorption band is175  panel(e). The inelastic background of the XPS spectra was

Ill. RESULTS AND DISCUSSION
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removed taking into account both secondary electrons and
energy losse$-32 The spectra are not normalized but for
comparison a similar spectra intensity has been drawnpSi 2
XPS spectra were resolved as sums of several components
assuming that each peak has a Gaussian/Lorentzian line
shape. Four main components were observed in thepSi 2
spectra: Si—S{elemental silicondue to unreacted silicon or

to the silicon substrate, Si—@ilicon carbide, Si—O—C(sili-

con oxicarbide and Si—O(silicon oxide located at 99.8,
101.2, 102.7 and 103.8 eV binding energies, respectiely.
These values are in good agreement with the values for pure
stoichiometric phases: Si, SiC, SiQand also with those of
oxicarbides found in the oxidation of Sittaking into ac-
count an offset of-1 eV to these value¥.

The SiC CVD samplegpanels(a) and (b)] in Fig. 2
show essentially one peak due to SiC formation. The small
signals at higher and lower binding energies are associated
with silicon oxicarbide and unreacted silicon contributions,
respectively. Binding energies of Sp vels in tetrahedrally
coordinated compounds are mainly determined by nearest
neighbor bonding and one can expect a nearly linear depen-
dence with composition for saturated valence ,&Ocom- o .
pounds (if ne|tht_ar _ subcarbides nor _ _suboxuj_es are B T A YR ST
present®3’ The binding energy of the silicon oxicarbide Binding Energy (eV)
specieg102.6 eVf would correspond to a SiQC, 4, phase if fe 3 et ovel o of th os of Fia. 2. T ;
saturate valence is assumen Si-Si bondsand C—C, C-0  F10,3. € 18 ol eve specta e Same sampis o o 2 Tne contn
or O-0 bonds are not present. Similar compositions havggnents and the resulting sum.
been found for silicon oxicarbides formed by carbon incor-
poration in SiQ.*® The spectral line attributed to silicon
oxicarbide decreases and that of the unreacted silicon disafiens, with a 2.0-2.5 eV FWHM, indicate the existence of
pears with increasing gas flow during deposition. In the casamorphous disordered phases and incomplete phase separa-
of the inhomogeneous silicon carbide, apart from the Si—Gion. The silicon carbide obtained by low-energy {kbn
signal, Si—O and Si—Si signals are also dete¢sgiectrac  implantation shows two contributions assigned to SiC and Si
andd). The signal of the elemental SpZannot correspond substrate signals, pan@) in Fig. 2. We can observe that the
to the silicon substrate because the samples are much thickessitions of these peaks coincide with those of the CVD SiC
than the XPS probing depth. This peak, however, is assocfilms.
ated with the presence of unreacted silicon or hydrogenated A spectral series of Cslcore level peaks of the same
silicon in the deposited film. Thus, it could happen that notsamples as Fig. 1 is shown in Fig.[Banels(a)—(e)]. Four
all Si—H bonds are replaced by Si—C during growth and themain contributions can be identified due to: C£&rbon in
coating would, therefore, become nonstoichiometric.,S8  Si carbide and Si oxicarbigleC—C (carbon ina-C or graph-
formed but some kind of oxicarbide could also be presentite), C—H (carbon ina-C:H or carbon bonded to}and C-O
The large widths of the peaks observed could be explainettarbon bonded to O, C-O or=, in above phasgsat
by the high chemical inhomogeneity. It is probable that, a283.2, 284.4, 285.1 and 286-287 eV binding energies, re-
well as tetrahedrally bonded &5i—Sj,,..), corresponding to  spectively. In the CVD SiC spectra, the C-Si, C—C and C-0
the stoichiometric phases, other phases are présaoh as signals in C % are presenfpanels(a) and (b)].>3 We can
Si—(SiC,0,), (I+m+n =4), corresponding to intermediate observe that the SiC contribution increases with increasing
compounds. The line shape shown by the spectra, that can lgas flux(sccm valug during deposition. Simultaneously, the
fitted by a few peaks, means that the chemical contribution€—0O oxide signal is more intense in the samples obtained at
are not equally probable and tend to favor stoichiometridower fluxes(10 sccm. The intensity of the oxicarbide signal
stable phases: Si, SiC and $iO in the C Xk peak is expected to be very weak and completely

Our results indicate that not all compositions masked by the C—C, C—H and C-Si signals and it is, there-
(SIO,C,_4s») are found but only those around the Si, SiC, fore, very difficult to determine univocally its intensity by
SiO, and SiQCy4 values. The composition SiQC,,  mathematical fits. It is more difficult to detect-SL—O in the
(SIOCy 42, x=1.2) is evaluated in terms of the centroid of C 1s peak than in the Si2one because of the additional
the Si D core level spectrum. The method is based on thestrong C—C and C-H signals. Both Figgc)3and 3d) cor-
basic principle of electron spectroscopy for chemical analyrespond to inhomogeneous CVD SiC. These two chemically
sis, i.e., the additive property of the chemical shifts and theiinhomogeneous SiC samples were obtained under the same
proportionality to ligand coordinatioff. The large values preparation conditions, but their positions in the CVD system
found for the widths of the corresponding spectral contribu-were not identical. The two samples are similar with respect

Intensity (a.u.)
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On the other hand, the spectra of the inhomogeneous silicon
carbide films are dominated by the Si®ignal. The O &
line in Figs. 4c¢) and 4d) has been fitted using only a sym-
metrical peak and has been attributed to O—Si species. The
C—0O contribution is detected in the correspondingsdirie.
However, the amount of the corresponding O is much
smaller than the amount of O bonded to Si. Thegpdak of
spectrum e(Fig. 4 has a small intensity and is principally
attributed to the oxygen dissolved in the SiC network. Also,
FIG. _4. O 1s core level spect_ra of_thg same san_1ples of Fig. 2. The continug small peak associated with C—O is observed. For this rea-
gzz Itlﬂgsres;(j)l\alntgesénn?thematlcal fit with C-0, Si—0 and SiC:0 componentgon, the Si.—O a_”d _S'O—C species are not detected in the
corresponding Siline.

The main effect of air exposure on the near-surface re-
to the silicon-containing phases, but not with respect to ungion of SiC obtained by CVD can be adequately described
reacted carbon since they have different concentrations diy the resulting oxygen concentration. The average near-
C—C and C-H bonds. These samples are both a phase misurface composition has been calculated from the atomic
ture but they are not identical. In ion implanted SiC, panelfractions xs;, Xc and xg, wherexgi=Igi/(lg+Ict1g), Xc
(e), the C B signal contains two main peaks, associated with=1¢c/(I g+ c+10) andxg=Ilg/(Igi+ct10). Isi, Icandlg
SiC and amorphous hydrogenated carbon. The two sma#ire the XPS integrated intensities for $,2C 1sand O &
peaks, labeled C—C and C-O, also correspond to carbarorrected by the corresponding XPS sensitivity factors: 0.24,
atoms in amorphous hydrogenated carbon. Thus, in th6.27 and 0.71, respectively. The overall surface composi-
amorphous hydrogenated carbon, some atoms are ontjon SiQC;_, for 0.5<x<2 is obtained, while for a satu-
bonded to other C atoms and appear as a small signal aated oxicarbidgno C—O bondsSiO,C,_,/» would be ex-
284.2 eV, whereas others are oxidized at 286.2 eV. The prepected, showing that the samples have an excess of
ence of carbon atoms not included in bonds with siliconnonbonded(unreactegl carbon and that C—O bonds are
(C-0, C-C and C—H bongéas not been detected by IR in formed, as Figs. 3 and 4 show. The dependences of the car-
the deposited coatings. This could be principally explainedon and silicon atomic fractiongc andxg;, versus the oxy-
by the combined use of surface and bulk sensitive techniquegen atomic fractionxg, are plotted in Fig. 5. We can ob-
(XPS and IR, respectively The XPS technique only allows serve only one trend: the concentration of carbon in the film
the identification of elements and chemical states present idecreases quasilinearly as the oxygen concentration in-
the outermos{~5 nm) region of the samples, close to the creases, with a slope-—1. In addition, xg; is practically
surface. The surface layer of 2 nm causing the main signal imdependent oiky. The formation of SiQ, CO and CQ
XPS (70%) can practically not be detected by IR in samplesduring the oxidation process of the SiC has been well
with a total thickness of-1 um. establisheti*?*® Due to their larger size, a residue of €O

Figure 4 shows the corresponding © cbre level spec- molecules could remain in the sample if there is no channel
tra of the same samples of Figs. 2 and 3. Three componentrough which they can go from the void to the outside. It is
associated with Si—C:Q@oxygen in silicon oxicarbideat necessary to deform the network to allow £@olecules to
532.2 eV, O-Si(oxygen in silicon oxidg at 533.0 eV and diffuse in the material. It can be observed that the samples
O-C (oxygen bonded to carbpmt 533.6 eV, were used for with higher C content are less oxidized and those with car-
the mathematical fit8> The 533.6 eV peak can be attribut- bon atoms not included in bonds with silicérigher elemen-
able to oxygen bonded to carb¢8-0).*° The O X spectra tal silicon contentare the most oxidized. This probably hap-
of the CVD SiC films show principally the SO-C or pens because the carburization process of silicon partially
SiC:O contribution and a small signal due to O bonded to Cinhibits oxidation.

e)

538 536 534 532 530 528
Binding Energy (eV)
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