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Amorphous SiC and SiCxNy films have been deposited by pulsed laser deposition on single crystal
silicon substrates by KrF~248 nm! excimer laser ablation of a SiC sintered target in a vacuum
system at room temperature using nonreactive, Ar, and reactive, N2, background gases at different
pressures. The pressure range in the growth chamber was from 431028 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 of 1.5,hv
,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 SiCN2, was suggested from
surface techniques and ellipsometric data in the deposition of SiCxNy films at N2 pressures higher
than 30 mTorr. ©1998 American Vacuum Society.@S0734-2101~98!08603-5#
e
p
D
e
t

se
fe
m
a
in
ag
o

gi
s
L
re
r
by
fu

ar
ta
d-

ial
a

er
ap

ap
de-
to

i-

-
de-

per-
igh

raft

and
to
t
nce,
he
g

ted
ck-
sto-
of
be

osi-
ised,
gas

ight
nds

is
I. INTRODUCTION

Pulsed laser deposition~PLD! is now a well established
technique to produce a wide variety of thin films.1 High qual-
ity ceramic films can be processed by PLD at much low
temperatures than by other methods, like chemical va
deposition~CVD! and rf sputtering. Films processed by PL
are usually accomplished by excimer lasers. The photon
ergy depends on the kind of gas mixture used to produce
excimers. For instance, photons with a 5 eVenergy are pro-
duced when KrF is used. The interaction of intense la
pulses with the target generates particles which mani
nonequilibrium features, such as electronically and ato
cally excited species with high kinetic energies. These p
ticles could lead to the formation and growth of films
metastable states with chemical control. These advant
have made PLD a unique technique to grow thin films
complex, multicomponent ceramics.

Thin films of ultrahard materials are of great technolo
cal interest. The synthesis of new ceramics with hardnes
high as diamond is a challenge to materials scientists.
et al.2 theoretically found a compound that can be compa
to diamond in hardness. The proposed structure is simila
that of b-Si3N4, where the silicon atoms are replaced
carbon atoms. Since then, many groups have unsuccess
tried to synthesizeb-C3N4.

3–5

Gómezet al.6 suggested that ifb-Si3N4 andb-C3N4 have
the same structure, it might be expected that both should
miscible giving rise to SiCN alloys. Miyagawaet al.7 have
demonstrated that nitrogen-ion implantation in silicon c
bide produces a surface layer with an intermediate s
SiCxNy or into Si3N4 under appropriate conditions. Bende
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de Ensenada, Programa de Posgrado en Fı´sica de Materiales,
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gerardo@cecimac.unam.mx
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doucheet al.8 stated that the properties of this new mater
could be an interesting combination of silicon carbide,
semiconductor, and silicon nitride, a dielectric. In oth
words, it might be a hard material with a wide band g
having interesting optical and electronic properties.

One of the most technologically interesting wide band g
semiconductors is silicon carbide. The energy gap value
pends on polytype and lies between 2.4 eV for 3C–SiC
3.33 eV for 2H–SiC.9 Conventional semiconductors like sil
con ~energy gap of 1.1 eV! and gallium arsenide~energy gap
of 1.43 eV! are suited for ordinary circuitry, but fail at tem
peratures higher than 125 °C. Prototype semiconductor
vices based on silicon carbide have shown remarkable
formance at high temperatures, high powers, and h
frequency applications.10 Silicon carbide chips might go onto
high-power microwave transmitters, automobile, and airc
engines, etc. Zehnderet al.11 and Baloochet al.12 have suc-
cessfully grownb-SiC ~3C–SiC polytype! films by means of
PLD. These two experiments were performed in vacuum
the resultant films were almost stoichiometric. According
the literature,13 the films grown by PLD in vacuum do no
necessarily preserve the target stoichiometry. For insta
an oxidizing environment is usually maintained during t
deposition of highTc superconducting films to help formin
the desired composition. Venkatesanet al.14 and Gonzalo
et al.15 have demonstrated that the interaction of the abla
species in the plume with a reactive or nonreactive ba
ground gas improves the morphology and modifies the
ichiometry of the deposited films. A naive conjecture
these investigations is that the composition of films can
altered by introducing a background gas during the dep
tion process. As the pressure of the background gas is ra
the collisions between the ablation plume species and the
molecules become more frequent. The resultant films m
be stoichiometric if the gas is nonreactive or new compou
if the gas is reactive. In the current work, this hypothesis
1311/16 „3…/1311/5/$15.00 ©1998 American Vacuum Society
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1312 Soto et al. : Growth of SiC and SiC xNy films by pulsed laser ablation 1312
tested by growing SiC thin films in vacuum, Ar~nonreac-
tive!, and N2 ~reactive! gases.

The evolution and control of properties and stoichiome
of SiC and SiCxNy thin films by PLD in the 5 to 80 mTorr
pressure range of Ar and N2, respectively, has been invest
gated. The films deposited in a background gas atmosp
are compared to the one grown in vacuum, 431028 Torr,
under similar experimental conditions. Surface and opt
spectroscopies are used to determine the bonding state
optical properties, respectively, of the as-grown films. T
atomic concentration of each component and bond forma
in the film were studied byin situ x-ray photoemission spec
troscopy~XPS!. The optical properties such as refractive i
dex and optical band gap were determined byin situ spec-
troellipsometry at the end of the deposition. T
experimental measurements were compared to data rep
in the literature.

The experimental setup and procedure are explaine
Sec. II. The experimental data and discussion of results
given in Sec. III; the XPS and ellipsometric measureme
are shown in Secs. III A and III B, respectively. The conc
sions of this work are summarized in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The films were deposited in a custom made laser abla
system. This equipment consists of three vacuum chamb
sample loading, film growth, and analysis. Each chambe
independently evacuated by an ion pump, and isolated
UHV gate valves. The growth chamber is equipped with t
fused silica viewports suitable forin situ ellipsometry and a
UV transparent window. The target was a commercia
available SiC sintered target, 99.9% purity, ablated by me
of a KrF excimer laser~l5248 nm, 30 ns pulse width! at a
rate of 10 pulses per second and an energy of 800 mJ
pulse, corresponding to a fluence of 5 J/cm2 at the target
surface. The laser beam hits the target at an angle of 50
the surface normal. The formation of craters on the tar
surface is minimized by a motorizedX-Y scan. The sub-
strates were Si~100! and Si~111! wafers, which have well
documented optical properties,16 degreased in acetone an
isopropyl alcohol bath before being introduced into t
growth chamber. All depositions were performed keep
the substrates at room temperature and facing the target
distance of 10 cm, the laser parameters mentioned ab
were also maintained fixed for 10 000 laser pulses.

The growth chamber is evacuated to a base pressur
1028 Torr before the actual deposition process was star
The deposition is done at vacuum and in the presence o
for silicon carbide films; whereas, high purity molecular n
trogen is introduced for growing SiCxNy films. The ion
pumps of the system are isolated when the background g
are introduced, and a turbo molecular pump is used to sus
a pressure in the 5 to 80 mTorr pressure range during d
sition.

In situ spectroscopical ellipsometric analysis was p
formed with a phase modulated ellipsometer~Jobin–Yvon,
UVISEL!. The ellipsometric parameters~c,D! were mea-
J. Vac. Sci. Technol. A, Vol. 16, No. 3, May/Jun 1998
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sured in the 1.5 to 5 eV photon-energy range to determ
the optical properties of the various films at the end of
deposition process. Kinetic ellipsometry was also done d
ing deposition to qualitatively determine the films abso
bance. Afterwards, the samples were transferred to the a
cent analysis chamber to characterize the films usingin situ
surface spectroscopies~CAMECA, MAC-3!. XPS data were
collected by means of MgKa radiation, 1253.6 eV, calibrat
ing the energy scale using the reference binding energie
Cu 2p3/2 at 932.67 eV and Ag 3d5/2 at 368.26 eV. The full
width at half maximum value~FWHM! measured value o
Cgraphite1s resulted to 1.2 eV, 1 eV being the nominal valu
for high resolution XPS. The film morphology was studie
by scanning electron microscopy~SEM!.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Surface analysis

The atomic concentration of each component in the fil
was obtained by integrating the peak area after linear s
traction from the XPS data for the N 1s, C 1s, Si 2p, and
O 1s core levels. Figure 1 shows the concentration of C,
and O as a function of argon pressure,pAr , for as-deposited
SiC films, and Fig. 2 shows the concentration of C, Si,
and O as a function of nitrogen pressure,pN2

, for as-
deposited SiCxNy films. The Ar signal was also present i
the XPS measurements, but it was so small that it could
be quantified. It can be observed from Fig. 1 that the c
centration of Si, C, and O are 50%, 45%, and 5%, resp
tively, for SiC films deposited in vacuum, 431028 Torr.
These values agree with the concentrations reported by
hnderet al. for SiC films grown under the same condition
but sputtered clean prior to surface analysis.11 The concen-
tration of Si and C are slightly changed at higher pressu
in particular, these concentrations are practically the sa
45%, atpAr>30 mTorr. The concentration of oxygen ke
constant and small, 10%, atpAr>30 mTorr, this is obviously
an unwanted contaminant in the films.

FIG. 1. Atomic concentration of the elements which form thin films grow
when a SiC target is ablated in an Ar environment as a function of the
pressure. The silicon, carbon, and oxygen concentration correspond t
triangle, square, and down triangle symbols.
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Figure 2 shows that nitrogen content increases from 1
at pN2

'5 mTorr up to 43% atpN2
'30 mTorr, the nitrogen

concentration keeps constant atpN2
>30 mTorr. At the same

time, the concentration of C and Si decrease from 50%
45%, respectively, at 431028 Torr down to approximately
25% atpN2

'30 mTorr for both components, and remainin
unchanged atpN2

>30 mTorr. A small oxygen contamina
tion, never higher than 8%, is always present with the ot
elements in the films.

High resolution XPS spectra around the N 1s, C 1s, and
Si 2p core levels are shown in Fig. 3 and the measured b
ing energies corresponding to these levels are given in T
I for as-deposited films as a function of nitrogen gas pr
sure. The reported values of binding energies of some si
elements and compounds are included in Table I a
comparison.17–19 As observed from Table I, the binding en
ergies of C 1s and Si 2p of the film grown in vacuum are
very similar to the binding energies of the one grown
pAr'30 mTorr, having these last values a better accorda
with the reported values for pure SiC films.18 In fact, this
observation agrees with Fig. 1 because the ideal stoichi

FIG. 2. Atomic concentration of the elements which form thin films grow
when a SiC target is ablated in a N2 environment as a function of the ga
pressure. The silicon, carbon, oxygen, and nitrogen concentration c
spond to triangle, square, inverted triangle, and circle symbols.

FIG. 3. High resolution XPS spectra around the N 1s, C 1s, and Si 2p
peaks of SiCxNy films deposited in vacuum at 431028 Torr ~1!, and in a
N2 environment at 10~3! and 80 mTorr~* !.
JVST A - Vacuum, Surfaces, and Films
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etry for silicon carbide resulted to be atpAr'30 mTorr. The
binding energies of C 1s and Si 2p for the SiCxNy film
grown at pN2

510 mTorr have shifted by 0.6 and 0.8 eV
respectively, referred to the deposition in vacuum. This
sult also agrees with those shown in Fig. 2. It can also
observed from Table I that the N 1s, C 1s, and Si 2p peaks
for the SiCxNy film grown at pN2

580 mTorr have moved
0.2, 1.7, and 1.2 eV, respectively, with respect to the de
sition atpN2

510 mTorr. The shift of the core levels sugges
that a new compound starts to be formed in the film when2

is introduced. However, this is not the only signal of t
synthesis of a new compound. The FWHM values of t
peaks shown in Fig. 3 became significantly broader at
mTorr relative to 10 mTorr; i.e., they grew from 1.8 to 2
eV for the N 1s peak, from 2.2 to 5.0 eV for C 1s, and from
2.0 to 2.6 eV for Si 2p. Therefore, the C 1s and Si 2p spec-
tra of SiCxNy films grown atpN2

580 mTorr are composed
of more than one peak.

The actual bonding state of the film constituents can
inferred by deconvoluting these spectra, as shown in Fig
In particular, the C 1s peak is quite asymmetric and ver
broad, revealing the presence of at least three distinct bo
of carbon. The peaks were determined to be at 284.1, 28
and 287.7 eV, which correspond to the reported values
C–C, C–N, and C–O bonds,6 respectively. The overlap o
these three peaks fit well to the experimental data of C 1s, as
observed in Fig. 4. The Si 2p peak was found to be com
posed of at least two distinct bonds of silicon. The peaks
located at 102.6 and 103.7 eV, which correspond to Si
and Si–O, according to the literature.6 The superposition of
these two peaks are also in accord to the experimental m
surements of the Si 2p spectrum. The absence of a Si–
bond in the deconvolution of the C 1s and Si 2p peaks is a
clear indication that a new material is formed. The nonex
ence of SiC in the SiCxNy films is probably due to a loca
network of Si–N and C–N bonds in the films which inhibi
the Si–C bond formation, as speculated by Go´mezet al.6

re-

TABLE I. Experimental binding energies of different core levels as de
mined from this investigation for the growth of SiC and SiCxNy films at
different Ar and N2 pressures, respectively, compared to values reporte
the literature.

Si 2p C 1s N 1s O 1s

Si n type ~Ref. 17! 99.3 ¯ ¯ ¯

C graphite~Ref. 17! ¯ 284.5 ¯ ¯

C diamond~Ref. 18! ¯ 284.8 ¯ ¯

SiC ~Ref. 18! 100.5 283.4 ¯ ¯

Si3N4~Ref. 17! 101.8 ¯ 397.4 ¯

N2 physisorbed on
graphite~Ref. 19!

¯ ¯ 404 ¯

SiO2 ~Ref. 17! 103.3 ¯ ¯ 532.5
SiC-vacuum 100.8 283.6 ¯ negligible
30 mTorr Ar 100.5 283.3 ¯ 532.5

SiCN - 5 mTorr N2 101.5 284.1 398.1 532.5
- 10 mTorr N2 101.6 284.2 398.1 532.5
- 30 mTorr N2 102.1 284.9 398.3 532.5
- 80 mTorr N2 102.8 285.9 398.3 532.5
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B. Ellipsometric analysis

The index of refraction,n, and extinction coefficient,k,
of the deposited films were measured byin situ spectroscopic
ellipsometry, the results are shown in Figs. 5 and 6. T
experimental curves of (n,k) were fitted using the amor
phous semiconductor model, implemented in the ellipso
eter’s software,19 valid in the visible to near-UV range, an
assuming the whole film has the same optical properties
trial and error routine based on the Levenberg–Marqua
method complements the fitting procedure.20

Silicon carbide films grown in vacuum and atpAr510
mTorr are highly absorbing as observed from Fig. 5. This
probably due to the nonideal film stoichiometry, see Fig.
The spectral response of pure Si shows a similar behavio
then values for SiC films grown in vacuum, they decrease
the 3.5 to 5 eV photon energy range.16 However, then andk
values decrease when the gas pressure is raised for si
carbide films grown in an Ar atmosphere, as shown in Fig
the films are less absorbent atpAr580 mTorr. The values of

FIG. 4. Deconvolution of the C 1s and Si 2p transitions of the SiCxNy film
deposited atpN2

580 mTorr. The deconvoluted peaks are shown as slas
lines, while their corresponding XPS peaks are shown as solid lines.

FIG. 5. Real and imaginary parts (n,k) of the refractive index vs photon
energy of thin films grown when a SiC target is ablated in vacuum a
31028 Torr ~circles!, and in an Ar atmosphere at 10~squares! and 80 mTorr
~triangles!. The hollow and solid symbols correspond ton and k, respec-
tively.
J. Vac. Sci. Technol. A, Vol. 16, No. 3, May/Jun 1998
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k in the 2 to 5 eV photon energy range are very close to
reported values, but then values are different.6

Similarly, then andk values decrease when the gas pr
sure is raised for SiCxNy films grown in an N2 atmosphere.
In particular, the values ofn andk in the 2 to 5 eV photon
energy range for SiCxNy films grown atpAr580 mTorr are
nearly the same to the values reported in the literature.6 The
films thickness was also determined from the ellipsome
measurements, and it was found to be in the 900 to 100
range for all deposits.

IV. CONCLUSIONS

The deposition of SiC and SiCxNy films has been studied
as inert~Ar! and reactive (N2) gases are introduced into th
growth chamber of a high vacuum system at various pr
sures when a SiC target was photoevaporated by an exc
laser. The evolution of the binding state of the various co
ponents and the optical properties of the films has been
vestigated byin situ ellipsometry and XPS. There is no ga
incorporation into the films when they are grown in the pre
ence of argon. Nearly stoichiometric and stoichiometric S
thin films, thickness about 1000 Å, have been grown
vacuum and atpAr>30 mTorr.

However, nitrogen content is strongly increased into
SiCxNyfilms in the 5 mTorr<pN2

<30 mTorr pressure range
as shown in Fig. 2. The SiCxNy films grown at pN2

>30
mTorr resulted to have an almost constant stoichiome
given by SiCN2O0.2. The oxygen is a nuisance in this expe
ment and can be attributed to residual water in our syste

The energy shift and the broadening of the XPS pe
shown in Figs. 3 and 4 are a clear indication that the film
not longer composed of SiC but a rather complex materia
formed as nitrogen is incorporated into the film, as has b
already reported.6,7 Figures 2–4 show that nitrogen is bonde
to silicon and carbon for SiCxNy films grown at pN2

>30
mTorr, so a new SiCN alloy has been formed. In fact, t
formation of this alloy cannot be attributed to the intermixin

d

4

FIG. 6. Real and imaginary parts (n,k) of the refractive index vs photon
energy of thin films grown when a SiC target is ablated in vacuum a
31028 Torr ~circles!, and in a N2 atmosphere at 10~squares! and 80 mTorr
~triangles!. The hollow and solid symbols correspond ton and k, respec-
tively.
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of two binary phases like Si3N4 and SiC because they hav
different binding energies, nor the presence of graphite
mersed in a Si3N4 matrix, as observed from Table I. Neithe
can nitrogen be physisorbed to the film surface,21 see Table I.

The mechanisms about how the Si–N and C–N bond
occurs are still uncertain, but some conjectures might be c
sidered. The mass spectrum of material ablated from a
target shows that only atoms and ions of Si and C, no c
ters, with kinetic energies of a few tens of eV are detecte
fluence above 2.3 J/cm2 and laser wavelength of 248 nm.22

These highly energetic atoms and ions collide with the
molecules as the plume expands in the background gas
most all these collisions are elastic because the masses o
colliding particles are similar and the gas molecules initia
have a lower average kinetic energy than the abla
species.23 Dissociation and dissociative ionization due
photon and electron impact with the gas molecules are
because swarm electrons with energies above 24 eV
scant and the excimer photons have an energy of on
eV.24 Ionization of the N2 molecules might be possible be
cause the threshold energy for this process is smaller, a
15 eV. Therefore, chemical reactions in the gas phase
highly improbable. Optical spectroscopy of the plume mig
help to clarify this hypothesis.

The ablated species in the plume transfer energy to2

molecules, and probably to N2
1 molecular ions, gaining ki-

netic energy up to a few eV due to multiple elastic collision
N2 and N2

1 with energies higher than 9 eV impinging on
surface are known to chemisorb and have a high probab
of forming atomic nitrogen upon impact.25 The high kinetic
energy of plume constituents enhances surface mobility
chemical activity between Si and N, and C and N. Surfa
reactions are strongly enhanced in presence of highly r
tive monoatomic species, forming Si–N and C–N bondin
If the kinetic energies of N2 and N2

1 are greater than 75 eV
they can also be trapped in the film as interstitials.25

The introduction of nitrogen gas during the ablation p
cess is a means to enhance the nitrogen content in the fi
but the deposition rate is reduced. As the gas pressur
raised, the number of collisions between the ablated spe
and the gas molecules becomes larger. The content of n
gen in the films is increased because there are more N2 and
N2

1 being chemisorbed, and more surface reactions with
and C are produced; as a consequence, the film stoichiom
changes, as observed in Fig. 2. However, there is a pres
value, 30 mTorr, where the nitrogen content does not v
any longer, this corresponds to the saturation point of ni
gen in the film. At pressures higher than 30 mTorr, the nu
ber of collisions are so frequent that the plume constitue
and the gas molecules get thermalized. In fact, it has b
observed that the molecules do not react and just get trap
forming voids in the films.26 The higher the pressure th
greater the number of voids.

The effect of voids in the optical properties can be o
served in Fig. 6, then values of a film grown atpN2

580

mTorr are drastically reduced as compared to the film gro
at pN2

510 mTorr in the 2 to 5 eV photon energy range. T
JVST A - Vacuum, Surfaces, and Films
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films tend to become transparent at higher pressures. In
eral, Figs. 5 and 6 show that SiC and SiCxNy thin films
become less absorbent as Ar and N2 pressure, respectively, i
raised.

SEM micrographs indicate the films are smooth, unifo
with no inclusions. This is in contrast to Zehnderet al.11 who
observed splashing on the film. The background gas is
sumed to improve the film homogeneity and uniformity.

In summary, the combination of PLD, surface spe
troscopies, and ellipsometry are suitable to monitor and c
trol metastable phases, like SiCN alloys.
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