Growth of SiC and SiC N, films by pulsed laser ablation of SiC in Ar
and N, environments
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Amorphous SiC and Si@l, films have been deposited by pulsed laser deposition on single crystal
silicon substrates by Krf248 nm excimer laser ablation of a SiC sintered target in a vacuum
system at room temperature using nonreactive, Ar, and reactpydyadkground gases at different
pressures. The pressure range in the growth chamber was frob®4 Torr to 80 mTorr. The
optical properties and stoichiometry of films were varied by the introduction of a background gas.
The resulting films are inspected by spectroellipsometry in the photon-energy range<dfvl.5
<5.0 eV.In situ high resolution x-ray photoemission spectroscopy characterization was performed
on every film to obtain the atomic concentration and bonding constitution of the elements as a
function of background gas pressure. The ideal stoichiometry for SiC films was obtained at Ar
pressures higher than 30 mT. The existence of a new phase, given by, $i@dlsuggested from
surface techniques and ellipsometric data in the deposition gi\Gifiims at N, pressures higher
than 30 mTorr. ©1998 American Vacuum Sociefs0734-210(98)08603-5

[. INTRODUCTION doucheet al® stated that the properties of this new material
could be an interesting combination of silicon carbide, a
Pulsed laser depositiofPLD) is now a well established semiconductor, and silicon nitride, a dielectric. In other
technigue to produce a wide variety of thin filhsligh qual-  words, it might be a hard material with a wide band gap
ity ceramic films can be processed by PLD at much lowehaying interesting optical and electronic properties.
temperatures than by other methods, like chemical vapor One of the most technologically interesting wide band gap
deposition(CVD) and rf sputtering. Films processed by PLD semiconductors is silicon carbide. The energy gap value de-
are usually accomplished by excimer lasers. The photon eends on polytype and lies between 2.4 eV for 3C-SiC to
ergy depends on the kind of gas mixture used to produce thg 33 eV for 2H-SiC®. Conventional semiconductors like sili-
excimers. For instance, photons i 5 eVenergy are pro- ¢on (energy gap of 1.1 evand gallium arsenidéenergy gap
duced when KrF is used. The interaction of intense lasepf 1 43 e\) are suited for ordinary circuitry, but fail at tem-
pulses with the target generates particles which manifes{eratures higher than 125 °C. Prototype semiconductor de-
nonequilibrium features, such as electronically and atomiyices based on silicon carbide have shown remarkable per-
cally excited species with high kinetic energies. These parigrmance at high temperatures, high powers, and high
ticles could lead to the formation and growth of films in frequency application® Silicon carbide chips might go onto
metastable states with chemical control. These advantageg,aﬁ;gh_power microwave transmitters, automobile, and aircraft
have made PLD a unique technique to grow thin films Ofengines, etc. Zehndet al! and Baloochet al2 have suc-
complex, multicomponent ceramics. ~ cessfully growng-SiC (3C—SiC polytypgfilms by means of
Thin films of ultrahard materials are of great technologi-p| p. These two experiments were performed in vacuum and
cal interest. The synthesis of new ceramics with hardness 3fe resultant films were almost stoichiometric. According to
high as dlam.ond is a challenge to materials scientists. Liy,q literature"® the films grown by PLD in vacuum do not
et a!_z theoretically found a compound that can be compareq,gcessarily preserve the target stoichiometry. For instance,
to diamond in hardness. The proposed structure is similar tg, oxidizing environment is usually maintained during the

that of B-SisNy, yvhere the silicon atoms are replaced bydeposition of highT . superconducting films to help forming
carbon atoms. Since then, many groups have unsuccessfullys qesired composition. Venkatesahal* and Gonzalo

; ; 3-5
tried to synthe§|qu-CsN4. L et al® have demonstrated that the interaction of the ablated
Gomezet al.” suggested that - SisN, and 5-C5N, have species in the plume with a reactive or nonreactive back-

the same structure, it might be expected that both should b&round gas improves the morphology and modifies the sto-
miscible giving rise to SiCN alloys. Miyagawet al.” have

. Ranhe jaiiet al. ichiometry of the deposited films. A naive conjecture of
demonstrated that nitrogen-ion implantation in silicon car-age investigations is that the composition of films can be

bide produces a surface layer with an intermediate statgyereq by introducing a background gas during the deposi-
SIGN, orinto SN, under appropriate conditions. Bended- yjon process. As the pressure of the background gas is raised,
5 — . _ the collisions between the ablation plume species and the gas
Also at: Centro de Investigaaio Cientfica y de Educacie Superior  yq1acyles become more frequent. The resultant films might
de Ensenada, Programa de Posgrado esic& de Materiales, L. .. . .

A. Postal 2681, 22800 Ensenada B.C. xite: electronic mail: D€ Stoichiometric if the gas is nonreactive or new compounds
gerardo@cecimac.unam.mx if the gas is reactive. In the current work, this hypothesis is
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tested by growing SiC thin films in vacuum, Anonreac- solsi

tive), and N, (reactive gases. {><% - T
The evolution and control of properties and stoichiometry . afcC L %

of SiC and SiGN, thin films by PLD in the 5 to 80 mTorr <

pressure range of Ar and,Nrespectively, has been investi- g 3o0f

gated. The films deposited in a background gas atmosphere =

are compared to the one grown in vacuunx %08 Torr, £ 20}

under similar experimental conditions. Surface and optical 3

spectroscopies are used to determine the bonding state and é 10+ O/{——/E

optical properties, respectively, of the as-grown films. The —

atomic concentration of each component and bond formation 0(') 50 20 50 30

in the film were studied bin situ x-ray photoemission spec-

troscopy(XPS). The optical properties such as refractive in- Ar pressure (mTorr)

dex and optical band gap were determlnedlrh))sr_u_l spec- Fic. 1. Atomic concentration of the elements which form thin films grown
troellipsometry at the end of the deposition. Theyhen a siC target is ablated in an Ar environment as a function of the gas
experimental measurements were compared to data reporteassure. The silicon, carbon, and oxygen concentration correspond to up
in the literature. triangle, square, and down triangle symbols.

The experimental setup and procedure are explained in
Sec. Il. The experimental data and discussion of results are
given in Sec. llI; the XPS and ellipsometric measurementsured in the 1.5 to 5 eV photon-energy range to determine
are shown in Secs. Il A and Ill B, respectively. The conclu-the optical properties of the various films at the end of the
sions of this work are summarized in Sec. IV. deposition process. Kinetic ellipsometry was also done dur-
ing deposition to qualitatively determine the films absor-
bance. Afterwards, the samples were transferred to the adja-
Il. EXPERIMENTAL PROCEDURE cent analysis chamber to characterize the films usirgjtu

The films were deposited in a custom made laser ablatiosurface spectroscopi¢€AMECA, MAC-3). XPS data were
system. This equipment consists of three vacuum chambersollected by means of M§ « radiation, 1253.6 eV, calibrat-
sample loading, film growth, and analysis. Each chamber ifng the energy scale using the reference binding energies of
independently evacuated by an ion pump, and isolated bZu2p,, at 932.67 eV and Agd;, at 368.26 eV. The full
UHV gate valves. The growth chamber is equipped with twowidth at half maximum valudFWHM) measured value of
fused silica viewports suitable fan situ ellipsometry and a  Cy,pnite1s resulted to 1.2 eV, 1 eV being the nominal value
UV transparent window. The target was a commerciallyfor high resolution XPS. The film morphology was studied
available SiC sintered target, 99.9% purity, ablated by meanby scanning electron microscogSEM).
of a KrF excimer laseftA=248 nm, 30 ns pulse widihat a
rate of 10 pulses per second and an energy of 800 mJ per
pulse, corresponding to a fluence of 5 Jcat the target Ill. EXPERIMENTAL RESULTS AND DISCUSSION
surface. The laser beam hits the_ target at an angle of 50° OH_ Surface analysis
the surface normal. The formation of craters on the target
surface is minimized by a motorized-Y scan. The sub- The atomic concentration of each component in the films
strates were $100) and S{111) wafers, which have well Was obtained by integrating the peak area after linear sub-
documented optical propertié$,degreased in acetone and traction from the XPS data for the N1C 1s, Si2p, and
isopropyl alcohol bath before being introduced into theO 1s core levels. Figure 1 shows the concentration of C, Si,
growth chamber. All depositions were performed keepinggnd O as a function of argon pressupg, , for as-deposited
the substrates at room temperature and facing the target atdC films, and Fig. 2 shows the concentration of C, Si, N,
distance of 10 cm, the laser parameters mentioned abowd O as a function of nitrogen pressumy,, for as-
were also maintained fixed for 10 000 laser pulses. deposited SiEN, films. The Ar signal was also present in

The growth chamber is evacuated to a base pressure tdie XPS measurements, but it was so small that it could not
108 Torr before the actual deposition process was startecbe quantified. It can be observed from Fig. 1 that the con-
The deposition is done at vacuum and in the presence of Agentration of Si, C, and O are 50%, 45%, and 5%, respec-
for silicon carbide films; whereas, high purity molecular ni- tively, for SiC films deposited in vacuum,>410"8 Torr.
trogen is introduced for growing Si@, films. The ion  These values agree with the concentrations reported by Ze-
pumps of the system are isolated when the background gashaderet al. for SiC films grown under the same conditions
are introduced, and a turbo molecular pump is used to sustalut sputtered clean prior to surface analydighe concen-

a pressure in the 5 to 80 mTorr pressure range during depdration of Si and C are slightly changed at higher pressures;
sition. in particular, these concentrations are practically the same,
In situ spectroscopical ellipsometric analysis was per-45%, atp,=30 mTorr. The concentration of oxygen kept
formed with a phase modulated ellipsometdobin—Yvon, constant and small, 10%, p,=30 mTorr, this is obviously

UVISEL). The ellipsometric parameters),A) were mea- an unwanted contaminant in the films.
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1313
TasLE |. Experimental binding energies of different core levels as deter-

mined from this investigation for the growth of SiC and NG films at
— N }Z/§ different Ar and N pressures, respectively, compared to values reported in
N the literature.
e
_§ Ssizp  Cis N 1s 01s
<
42 %§E Sin type (Ref. 19 99.3
L C graphite(Ref. 17 284.5
g C diamond(Ref. 18 284.8
O 0 - 3 SiC (Ref. 18 100.5 283.4
Y SisN4(Ref. 179 101.8 397.4
) ) ) N, physisorbed on 404
40 60 80 graphite(Ref. 19
SiO, (Ref. 179 103.3 532.5
N, pressure (mTorr) SiC-vacuum 1008 2836 .- negligible
30 mTorr Ar 100.5 283.3 532.5
Fic. 2. Atomic concentration of the elements which form thin films grown  sijcN - 5 mTorr N 101.5 284.1 308.1 5325
when a SiC target is ablated in & Mnvironment as a function of the gas - 10 mTorr N, 101.6 284.2 398.1 532.5
pressure. The silicon, carbon, oxygen, and nitrogen concentration corre-  _ 309 mTorr N, 102.1 284.9 308.3 532.5
spond to triangle, square, inverted triangle, and circle symbols. - 80 mTorr N, 102.8 285.9 308.3 5325

Figure 2 shows that nitrogen content increases from 17%
at pN2~5 mTorr up to 43% a'pNZ%30 mTorr, the nitrogen N .
concentration keeps constantygt,=>30 mTorr. At the same etry for silicon carbide resulted to be pf,~30 mTorr. The
time, the concentration of C and Si decrease from 50% anBIndlng e”erg'es of Csland Si 2) for the SIGN, film
45%, respectively, at 210 8 Torr down to approximately grown "_ﬂpNz_ 10 mTorr have Sh'ft_e_d bY 0.6 and 0.8 .eV,
25% atpy.~30 mTorr for both components, and remaining respectively, referr_ed to the dep05|t_|on in vacuum. This re-
unchangeij apy, =30 mTorr. A small oxygen contamina- sult also agrees with those shown in Fig. 2. Ifc can also be
i 2 , ) observed from Table | that the N,1C 1s, and Si D peaks
tion, never higher than 8%, is always present with the othef,, o SiGN, film grown atpy,=80 mTorr have moved

High resolution XPS spectra around the & T 1s, and 02 1.7,and 1.2 eV, respecti\{ely, with respect to the depo-
Si 2p core levels are shown in Fig. 3 and the measured bind§'tIon atpy,=10 mTorr. The shift of the co_re Ieve!s suggests
ing energies corresponding to these levels are given in Tabi&at @ néw compound starts to be formed in the film when N
| for as-deposited films as a function of nitrogen gas pres!S introduced. However, this is not the only signal of the
sure. The reported values of binding energies of some singf@Ynthesis of a new compound. The FWHM values of the
elements and compounds are included in Table | as eaks shov_vn in Fig. 3 becgme significantly broader at 80
comparisort’~1° As observed from Table I, the binding en- mTorr relative to 10 mTorr; i.e., they grew from 1.8 to 2.6
ergies of C § and Si D of the film grown in vacuum are €V for the N I peak, from 2.2 t0 5.0 eV for Cs] and from
very similar to the binding energies of the one grown at2-0 t0 2.6 eV for Si . Therefore, the Cd.and Si 2 spec-
pa~30 mTorr, having these last values a better accordanck@ Of SIGNy films grown atpy,=80 mTorr are composed

with the reported values for pure SiC filtfsin fact, this of more than one peak.

observation agrees with Fig. 1 because the ideal stoichiom- The actual bonding state of the film constituents can be
inferred by deconvoluting these spectra, as shown in Fig. 4.

In particular, the C & peak is quite asymmetric and very

Si ~ N broad, revealing the presence of at least three distinct bonds
5 of carbon. The peaks were determined to be at 284.1, 286.0,

and 287.7 eV, which correspond to the reported values for

elements in the films.

ES AN ]
- [y R 7 :
£ / //\ ! Ik C-C, C-N, and C-0 bondsrespectively. The overlap of
s / /\ \ \ /I L these three peaks fit well to the experimental data o§Ca%
g I :( \ /*Xl ’é‘ observed in Fig. 4. The Si2peak was found to be com-
= / / /’i \ fx/ ) posed of at least two distinct bonds of silicon. The peaks are
2 / /x//f’i \\\ ,'// i located at 102.6 and 103.7 eV, which correspond to Si-N
E ;"‘ Ji X \\ Ir S; and Si—0, according to the literatlft@he superposition of
™ "m& aj« ’%&% these two peaks are also in accord to the experimental mea-
surements of the Si® spectrum. The absence of a Si-C

2% 285 282 104 102 100 bond in the deconvolution of the Gand Si D peaks is a
Binding Energy (eV) clear indication that a new material is formed. The nonexist-
Fic. 3. High resolution XPS spectra around the & € 1s, and Si 2 ence of SiC _m the SIQNY films is _probab_ly due t_o a IO‘F?I
peaks of SigN, films deposited in vacuum at410~® Torr (+), and in a network of Si—-N and C—N bonds in the f"ms which inhibits
N, environment at 1@x) and 80 mTorr(*). the Si—C bond formation, as speculated byntea et al®

400 398 396
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Binding Energy (eV) Photon Energy (eV)
Fic. 4. Deconvolution of the Cdand Si 9 transitions of the Si(N, film Fic. 6. Real and imaginary partsk) of the refractive index vs photon
deposited apy,=80 mTorr. The deconvoluted peaks are shown as slashe@nergy of thin films grown when a SiC target is ablated in vacuum at 4
lines, while their corresponding XPS peaks are shown as solid lines. X108 Torr (circles, and in a N atmosphere at 1Gquaresand 80 mTorr
(triangles. The hollow and solid symbols correspondrtcandk, respec-

tively.
B. Ellipsometric analysis

The index of refractionn, and extinction coefficient, i in the 2 to 5 eV photon energy range are very close to the
of the deposited films were measuredibitu spectroscopic  reported values, but the values are differerft.
ellipsometry, the results are shown in Figs. 5 and 6. The gjmilarly, then andk values decrease when the gas pres-
experimental curves ofn(k) were fitted using the amor- gyre s raised for SiN, films grown in an N atmosphere.
phous semiconductor model, implemented in the ellipsomyp particular, the values af andk in the 2 to 5 eV photon
eter's software; valid in the visible to near-UV range, and energy range for Sig, films grown atp,,=80 mTorr are
assuming the whole film has the same optical properties. Aearly the same to the values reported in the literdtariee
trial and error routine based on the Levenberg—Marquardfims thickness was also determined from the ellipsometric

method complements the fitting procedtfte. measurements, and it was found to be in the 900 to 1000 A
Silicon carbide films grown in vacuum and pk=10  range for all deposits.

mTorr are highly absorbing as observed from Fig. 5. This is

probably due to the nonideal fllm st0|ch|om_etr_y, see Flg. l'IV. CONCLUSIONS

The spectral response of pure Si shows a similar behavior to - _ _ _ _

then values for SiC films grown in vacuum, they decrease in  The deposition of SiC and Si@, films has been studied
the 3.5 to 5 eV photon energy rantfeHowever, then andk ~ as inert(Ar) and reactive (B) gases are introduced into the
values decrease when the gas pressure is raised for silic@fowth chamber of a high vacuum system at various pres-
carbide films grown in an Ar atmosphere, as shown in Fig. 55ures when a SiC target was photoevaporated by an excimer

the films are less absorbentmt, = 80 mTorr. The values of laser. The evolution of the binding state of the various com-
ponents and the optical properties of the films has been in-

vestigated byin situ ellipsometry and XPS. There is no gas

3.5 3.5 incorporation into the films when they are grown in the pres-
30 ;ZZZZ?;255333388chmeaeasgSggg‘éggggggggooooooooomm 150 ence _of argon. Nearly stoichiometric and stoichiometric Si_C
thin films, thickness about 1000 A, have been grown in
25] {25 vacuum and ap,=30 mTorr.
However, nitrogen content is strongly increased into the
o 20r ._J 120 SiGN,films in the 5 mTors Pn,<30 mTorr pressure range,
1.5 lis K as shown in Fig. 2. The Si@, films grown atpy,>30
10 /’— caseses mTorr resulted to have an almost constant stoichiometry,
Or soanesner®®® 11.0 . K . . . . .
R given by SiCNOg ,. The oxygen is a nuisance in this experi-
0.5¢ ,.....-..nnﬂ::" 105 ment and can be attributed to residual water in our system.
00 aaseem™ : . : puasstssss 00 The energy shift and the broadening of the XPS peaks
20 25 30 35 40 45 50 shown in Figs. 3 and 4 are a clear indication that the film is

not longer composed of SiC but a rather complex material is
formed as nitrogen is incorporated into the film, as has been
Fic. 5. Real and imaginary parts1) of the refractive index vs photon already reporte&_7 Figures 2—4 show that nitrogen is bonded

energy of thin films grown when a SiC target is ablated in vacuum at 45 sijlicon and carbon for Si,{N films grown atpy.=30
X 1078 Torr (circles, and in an Ar atmosphere at {§quaresand 80 mTorr y 2

(triangle. The hollow and solid symbols correspondricandk, respec- mTorr’_ S0 a new SICN alloy has b?en formed. .m fac_t, _the
tively. formation of this alloy cannot be attributed to the intermixing

Photon Energy (eV)
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of two binary phases like §il, and SiC because they have films tend to become transparent at higher pressures. In gen-
different binding energies, nor the presence of graphite imeral, Figs. 5 and 6 show that SiC and @\ thin films
mersed in a $N, matrix, as observed from Table I. Neither become less absorbent as Ar angldessure, respectively, is
can nitrogen be physisorbed to the film surfatsee Table |.  raised.

The mechanisms about how the Si-N and C—N bonding SEM micrographs indicate the films are smooth, uniform
occurs are still uncertain, but some conjectures might be corith no inclusions. This is in contrast to Zehndral** who
sidered. The mass spectrum of material ablated from a Si@bserved splashing on the film. The background gas is as-
target shows that only atoms and ions of Si and C, no clusSumed to improve the film homogeneity and uniformity.
ters, with kinetic energies of a few tens of eV are detected at " summary, the combination of PLD, surface spec-
fluence above 2.3 J/drand laser wavelength of 248 rfh.  troscopies, and elllpsomgtry are suitable to monitor and con-
These highly energetic atoms and ions collide with the gadfo! metastable phases, like SICN alloys.
molecules as the plume expands in the background gas. Al-
most all these collisions are elastic because the masses of the
colliding particles are similar and the gas molecules initially ACKNOWLEDGMENTS
have a lower average kinetic energy than the ablated
specie® Dissociation and dissociative ionization due to 1he assistance of Israel Gradilla, Armando Reyes, and
photon and electron impact with the gas molecules are raréeS® Nieto is gratefully appreciated. Financial support by
because swarm electrons with energies above 24 eV afeONACYT through research Grant No. 4228-E.
scant and the excimer photons have an energy of only 5
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