
In situ monitoring and characterization of SiC interface formed in carbon
films grown by pulsed laser deposition *

E. C. Samano, G. Soto,a) J. Valenzuela, and L. Cota
Laboratorio de Ensenada, Instituto de Fı´sica, UNAM, Apartado Postal 2681, 22800 Ensenada, B.C.,
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Very thin, smooth, and uniform carbon films have been produced by ablating a pyrolytic graphite
target using an ultraviolet pulsed excimer laser at fixed energy in an ultrahigh vacuum system. The
films were deposited on a Si~111! surface at room temperature. The deposition process is
investigatedin situ by analyzing the time evolution of spectra obtained by Auger electron, x-ray
photoelectron, and electron energy loss spectroscopies at different stages of the film growth. A
relationship of the atomic concentration of Si and C with the number of laser pulses and film
thickness is obtained from the spectra. A SiC interface with a thickness between one and two
monolayers is observed to be formed during the very first deposition pulses. The study of this SiC
buffer layer is particularly relevant when a carbon film is used as a hard coating, where strong
adhesion of the film to the substrate is required. ©1997 American Vacuum Society.
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I. INTRODUCTION

Pulsed laser deposition~PLD! is a novel technique to
grow thin films of conducting, semiconducting, and diele
tric materials based on the photoevaporation of a s
target.1,2 The laser beam ablates the target and a plum
produced, which is composed by free radicals with a f
tens of eV in kinetic energy. The presence of very energ
species in the ablation plume leads to a high instantane
deposition rate per pulse, 104– 106 Å/s. Hence, PLD is suit-
able for small-scale production of multilayered heterostr
tures, and homogeneous amorphous,3 crystalline,4

layer-by-layer,5 and stoichiometric6 thin films of very con-
trolled thickness. Among the heterostructures currently be
investigated are those systems belonging to the group
group IV. In particular, the study of the interface of C/Si
interesting because there is a large difference between
lattice constant of the materials involved, a 52% lattice m
match for diamond structure, compared to systems like
Ge, a 4% mismatch.

The study of carbon deposition is also one of the m
active research areas in thin films because they may pro
hard noncrystalline carbon films, generically named d
mondlike carbon~DLC!.7–9 The properties of DLC films are
exceptional: good optical, chemical, and mechanical prop
ties; regarding the last property, it has high hardness to w
resistance and shear stress. Traditionally, diamond films h
been grown by chemical vapor deposition~CVD! using a
catalyst, like hydrogen, at a gas pressure between 1 and
Torr and substrate temperature in the 600–1300 °C ra
The various characterization techniques have verified
presence of both thesp2 andsp3 bonding in DLC films, but
there is a lack of long range order.9 CVD is widely used to

*No proof corrections received from author prior to publication.
a!Also at Programa de Posgrado en Fı´sica de Materiales, Centro de Invest
gación Cientı́fica y de Educacio´n Superior de Ensenada, 22800 Ensena
B.C., México.
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grow DLC films because solid targets of carbon are diffic
to evaporate by most techniques.

Nowadays, the growth of carbon films by PLD is an ar
of intense research because homogeneous films with
adhesion at low substrate temperature without catalysts i
ultrahigh vacuum~UHV! system can be produced. In rece
studies, Collinset al.10 and Pappaset al.11 have grown
hydrogen-free carbon films by PLD. They have found th
the microstructure in the films is sensitively dependent on
impingement flux and average kinetic energy of the abla
species, mostly in the 50–200 eV energy range. The fi
showed a highsp3/sp2 ratio, meaning that charged and ve
energetic atoms are critical precursors ofsp3 bonding.

Therefore, the quality and bonding configuration of a c
bon thin film depend on both: the kinetic process which co
trols the chemical structure and the interface formed dur
the early growth stages. This study can be carried out i
very precise manner by means of analytical techniques in
same system where the deposition process is performed.
fortunately, there are few reports in the literature aboutin
situ growth and characterization of carbon films. For i
stance, Beltonet al.12,13 have studied the nucleation an
growth of diamond films by CVD and they performedin situ
characterization by means of x-ray photoelectron spect
copy ~XPS! and electron energy loss spectroscopy~EELS!
spectra. During the early stages of the deposition proc
they observed the formation of a SiC interface but no qu
tification about the film or interface was reported. Martı´n-
Gagoet al.14,15 have grown DLC films by PLD on clean S
~100! at room temperature. The film growth evolution w
analyzedex situ using Auger electron spectroscopy~AES!
and ion scattering spectroscopy~ISS!, and did not observe
the existence of a SiC interface. After a postdeposition he
ing treatment of the DLC films at 950 °C for 10 min, the
actually noticed the formation of SiC due to the interdiff
sion of C and Si.

,
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The present work reports the identification and quan
cation of the different species involved in the growth of c
bon films by PLD usingin situ surface spectroscopies. Th
main goal is the study of the film–substrate interface. Thi
achieved by ablating a high purity pyrolytic graphite targ
using an ultraviolet~UV! pulsed excimer laser in an UHV
environment, and observing the initial stages of the dep
tion process. The ablated species are adsorbed on a cle
~111! surface kept at room temperature. The experimen
momentarily interrupted at selected growth times to qual
tively and quantitatively analyze the film evolution usin
AES, XPS, and EELS. The possible existence of a SiC
terface is also investigated. The details of the experime
setup, procedure, and results can be found in Secs. II and
respectively. The quantitative analysis is described in S
IV. Finally, the analytical and experimental results, and
main conclusions of this work are discussed in Sec. V.

II. EXPERIMENTAL SETUP

The carbon films growth and characterization are p
formed in situ in a laser ablation system Riber© LDM-32
The system basically consists of three stainless steel U
vacuum chambers; sample rapid loading, deposition,
analysis. Each chamber is isolated and independe
pumped by ion and Ti sublimation pumps with a pumpi
speed of a few hundred liters per second in the pres
range of a typical experimental run. A couple of transfer ro
allow in vacuointerchamber linear motion of the target an
substrate, only one at a time, during the different steps of
overlayer processing.

The loading chamber is provided with a viewport acce
door with an O-ring vacuum seal, hence the base pressu
in the high 1029 Torr, to mount up to two samples, disks
big as 2 in. in diameter, on a storage manipulator with he
ers.

The films are grown in the deposition chamber, base p
sure&2310210 Torr. The chamber comprises a heated s
strate station and a rapid switching targets manipulator as

FIG. 1. Cross-sectional view of deposition chamber.~A! Pulsed laser beam
~B! substrate,~C! targets,~D! thermocouple, and~E! resistive heater.
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main parts, as shown in Fig. 1. The substrate station inclu
motorized continuous rotation for uniform deposition a
motion along its axial direction. The motorized targets m
nipulator has a four-way cross sample holder which can s
up to four targets. It allowsx-y-z translations, being thez
direction along the surface normal, resulting in a substra
target adjustable separation from 2 to 4 in. The output o
pulsed KrF excimer laser, Lambda Physik© LEXtra 200, e
ters through the laser viewport, aiming the target at an an
of 50° off normal. The nominal laser wavelength is 248 n
with a pulse length of 34 ns. The pulse repetition rate can
changed from 0.5 to 30 Hz and the operating energy is in
50–700 mJ range.

The analysis chamber, base pressure*2310210 Torr,
consists of a CAMECA MAC 3©, XPS-AES, system. A
many as two samples are held in place on a heated man
lator. The electron gun, the x-ray source and the elect
analyzer point to a specimen along the directions depicte
Fig. 2. An Ar ion gun is also available in the chamber f
sputter cleaning purpose.

III. EXPERIMENTAL PROCEDURE AND RESULTS

The experiment is based on the photoevaporation o
commercially available pyrolytic graphite target,
231/16 in. disk with 99.999% purity. The substrate is
230.010 in. Si~111! wafer. The substrate was cleaned
the following procedure before being introduced into t
loading chamber. It is firstly dipped in a 1:1 volume solutio
of H2O2 and H2SO4 for 15 min, then plunged in distilled
water for 5 min, later washed in HF for 25 s, and fina
rinsed in distilled water. The target is packed under Ar by
manufacturer and no cleaning procedure is believed to
necessary.

Prior to any deposition, both the substrate and target
faces were analyzed. The Si~111! surface is previously
heated at 600 °C for 3 h and annealed at 850 °C for 1.5 h16,17

to remove the ‘‘native’’ oxide, typical in all silicon surfaces
and recover its long-range crystallinity. Afterwards, a surv

FIG. 2. Sketch showing the direction of each apparatus in the analysis ch
ber in terms of the azimuthal,f, and polar,u, angles as~f,u! pairs.
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scan and high resolution scans using XPS of the C(1s),
Si(2p), and O(1s) regions are obtained for both specimen
The x-ray source of the CAMECA system produces t
kinds of x-ray lines with energieshn(Mg Ka)51253.6 eV
andhn(Al Ka)51486.6 eV. The XPS scans are done us
photons with an energy ofhn(Al Ka)51486.6 eV. Simi-
larly, the Auger transitions are investigated in the 50–600
energy range using an electron gun with a 3 keV incident
energy. Plasmon losses are studied by EELS using an e
tron beam with a 1 keV incident energy. This technique
particularly sensitive in distinguishing several carbon pha
and carbides present in the film.18 The resolution in energy
of the spectra is found to be 3 eV for AES, 2.3 eV for EEL
measured from the full width at half-maximum~FWHM!
value of the elastic peak, and 1.2 eV for XPS, evaluated fr
the FWHM value of C(1s) peak.

No C or oxides on the clean substrate and a neglig
amount of oxides on the clean target were found as de
mined by AES and XPS scans in Fig. 3. The EELS spectr
of the clean substrate shows a well defined peak at 17
with harmonics at 34 and 52 eV, as shown in Fig. 4~no pulse
curve!. The relative intensity of the harmonic peaks wi
respect to the main peak is a clear indication that the Si~111!
surface is highly crystalline.13 The target EELS spectrum
shows strong peaks at 28 and 55 eV, characteristic of p
lytic graphite,13,19as seen in Fig. 5~a!. This spectrum is used
as a reference to determine the carbon phase of the fi
grown in this application.

The substrate and target were then transferred to the d
sition chamber to start the carbon film growth. The tar
surface is uniformly swept by the laser beam using the m
torized manipulator. The ablated carbon species are de
ited on the clean Si surface at room temperature, whic
kept at a target–substrate distance of;2 in. The laser is

FIG. 3. AES spectra of the different stages of carbon film growth on Si~111!
at room temperature. The no pulse curve corresponds to the clean Si~111!
substrate.
JVST A - Vacuum, Surfaces, and Films
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operated at a fixed pulse repetition rate of 1 Hz and the be
is focused to an area of;0.1 cm2. Before the actual depo
sitions, the growth of carbon overlayers was attempted in
2 to 5 J/cm2 fluence range. The threshold fluence for dete
ing carbon deposition from AES and XPS spectra was fou
to be 2 J/cm2, but this signal was almost imperceptible b
cause the peaks were comparable to the background n
The best results were found at a fixed fluence of 5 J/cm2, and

FIG. 4. EELS spectra of the different stages of carbon film growth on
~111! at room temperature. The no pulse curve corresponds to the clea
~111! substrate.

FIG. 5. Comparison of EELS spectra of the~a! pyrolytic graphite target and
~b! carbon film after ten laser pulses of deposition.
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those are the ones reported in this work. The maxim
chamber pressure is 231029 Torr during deposition.

To have a better understanding of the film growth evo
tion, a time-dependent characterization of the surface is
tained. The deposition of carbon overlayers on Si~111! is
temporarily interrupted at selected time intervals, numbe
laser pulses, to transfer the resulting film to the analy
chamber to be characterized by AES, XPS, and EELS.
soon as the film is analyzed, it is returned to the deposi
chamber where the overlayer processing is continued.
ures 3, 4, and 6 show the AES, EELS, and XPS spec
respectively, of the different film growth stages or ‘‘sna
shots’’ of a typical deposition process. Figure 5 shows
main peaks due to plasmon losses obtained by EELS for
graphite target and a film after ten laser pulses of deposit
It is important to mention that the EELS spectra do n
change in shape for depositions beyond ten pulses.

IV. QUANTITATIVE ANALYSIS

The thickness of a film can be estimated by measuring
signal intensity of a certain element in a matrix containing

FIG. 6. XPS spectra in the C (1s) region of the different stages of carbo
film growth on Si~111! at room temperature.
J. Vac. Sci. Technol. A, Vol. 15, No. 5, Sep/Oct 1997
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homogeneous binary solid. As is well known, the measu
atomic concentration,XSi of Si andXC of C in the film are
directly proportional to the signal intensityI Si of Si andI C of
C, respectively, taken from the AES and XPS spectra
several number of pulses:20

XSi~N!5
I Si~N!/SSi

@ I Si~N!/SSi#1@ I C~N!/SC#
, ~1!

XC~N!5
I C~N!/SC

@ I Si~N!/SSi#1@ I C~N!/SC#
. ~2!

In Eqs.~1! and ~2!, SSi is the instrumental sensitivity facto
for the Si (2p) peak orLVV transition of the clean substrat
for XPS or AES, respectively, andSC is the sensitivity factor
for the C (1s) peak orKLL transition of the target for XPS
or AES, respectively,N is the number of laser pulses.

As a first approach, the quantification of AES and XP
spectra can be done using simple analytical express
based on the assumptions that the effects of elastic elec
scattering is negligible, and the surface is a thin layer c
sisting of tens of monolayers or less. Theoretically, the
tensityI Si* of the substrate, referred to the measured inten
I Si,0 of the clean Si~111! surface, covered by a C overlayer
of thicknessd is given by20

I Si* ~d!5I Si,0 expS 2
d

lSC~ESi!cosa D , ~3!

and the intensityI C* of the C overlayer, referred to the mea
sured intensityI C,0 of the graphite target, is corresponding
given by

I C* ~d!5I C,0F12expS 2
d

lCC~EC!cosa D G . ~4!

In Eqs.~3! and~4!, a is the polar angle between the electro
analyzer direction and the surface normal, given asa520°
in Fig. 2, lSC and lCC are the inelastic mean free paths
electrons ejected with energiesESi by a Si atom andEC by a
C atom, respectively, moving into the C overlayer. TheESi

andEC values depend on the binding energy of a core le
electron or Auger transition electron energy of the type
spectra involved in the calculation, either XPS or AES.

The expressions for the estimated atomic concentra
content of Si and C,XSi* andXC* , in the film can be obtained
using Eqs.~3! and ~4!:
XSi* ~d!5

I Si,0 expS 2
d

lSC~ESi!cosa D
I Si,0 expS 2

d

lSC~ESi!cosa D1I C,0F12expS 2
d

lCC~EC!cosa D G , ~5!

XC* ~d!5

I C,0F12expS 2
d

lCC~EC!cosa D G
I Si,0 expS 2

d

lSC~ESi!cosa D1I C,0F12expS 2
d

lCC~EC!cosa D G . ~6!
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The XSi andXC values are found by Eqs.~1! and ~2! for
two different depositions as a function of the number of la
pulses. These experimental data are obtained from the
and XPS data and displayed as symbols in Figs. 7 an
respectively. TheXSi* and XC* values are calculated by Eq
~5! and ~6! as functions of the film thickness, these calcu

FIG. 7. Measurements of the overlayer atomic concentration of each sp
shown as symbols, for two different films grown by PLD as a function of
film thickness and number of laser pulses using the AES data. The
lines correspond to the analytical expressions given in Sec. IV.

FIG. 8. Measurements of the overlayer atomic concentration of each sp
shown as symbols, for two different films grown by PLD as a function of
film thickness and number of laser pulses using the XPS data. The
lines correspond to the analytical expressions given in Sec. IV.
JVST A - Vacuum, Surfaces, and Films
r
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tions are depicted as curves in Figs. 7 and 8. The value
lSC and lCC have been estimated following the procedu
described by Powellet al.21–23

As observed from Figs. 7 and 8, the number of la
pulses,N, and film thickness,d, are assumed to depend o
each other. This is a reasonable consideration when the
is very thin. A relationship between these two parameters
be attained by solving

XSi~N51!5XSi* ~d!. ~7!

Substituting Eqs.~1! and ~5! into Eq. ~7!, and using the sig-
nal intensities for one pulse taken from the AES and X
spectra,d(N51)52.04 Å is obtained. Actually, the sam
value was also found by means of

XC~N51!5XC* ~d!. ~8!

Then d and N are postulated to be linearly related, at lea
for very thin film films, by

d5~2.04 Å!N. ~9!

V. DISCUSSION AND CONCLUSIONS

The first stages of a hydrogen-free carbon film grow
prepared by PLD in an UHV system using different spe
troscopiesin situ has been investigated. The AES spec
change in shape and intensity as material is deposited on
substrate surface, as shown in Fig. 3. The characteristic s
peak at 92 eV associated to Si-LVV Auger transition of the
clean substrate, no pulse curve in Fig. 3, has changed
peak at 90 eV after one laser pulse of deposition. The sh
peak at 85 eV has also turned into a broad and less
nounced peak after the first laser pulse of deposition. Sim
taneously, the one pulse curve in Fig. 3 also shows tha
new signal develops at 270 eV. According to the literatu
these features are associated to the chemical binding o
materials involved in the deposition to form SiC.24,25 As the
number of laser pulses is increased, these two peaks sh
energy and change in shape and intensity. The flat shou
at 270 eV smoothly transforms to the well known C-KLL
Auger peak at 272 eV when the number of pulses goes f
one to seven, as shown in Fig. 3. As expected, a very sm
signal of Si-LVV Auger transition is still observed after seve
pulses in Fig. 3. A fully developed C-KLL Auger peak cor-
responding to the highly oriented pyrolytic graphite~HOPG!
type15,19 is identified after 30 pulses, but not shown.

Similarly, the EELS and XPS spectra change in shape
intensity as the carbon species are deposited on the subs
surface, as shown in Figs. 4 and 6, respectively. Before
carbon deposition, the EELS spectrum of the clean subst
shows a shoulder at a plasmon energy loss of 9 eV an
main peak at 17 eV with several harmonics, as observe
Fig. 4 ~no pulse curve!. The plasmon loss of the main pea
shifts in energy from 17 to 21 eV after the first two pulses,
observed in Fig. 4. The energy shift of this plasmon loss
been shown to be characteristic of SiC.13 The shape and
intensity of the EELS curves continue changing as the nu

ie,

lid

ie,

lid
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ber of deposition pulses is increased, as shown in Fig. 4,
no significant variation is observed beyond ten pulses
deposition. Plasmon losses in the EELS spectra of the p
lytic graphite target and the resulting film after ten las
pulses are compared in Fig. 5. They both show a sharp p
at 28 eV and a broad peak at 55 eV, but the curve for the
shows a well defined shoulder at 6 eV loss energy, a fing
print for well ordered graphite like HOPG.13,15 The XPS
characterization results are shown in Fig. 6. After one pu
a sharp peak at 283.7 eV, characteristic of SiC, shifts
285.1 eV, corresponding to the C (1s) binding energy, for
ten laser pulses.13,25

The atomic concentrations of Si and C as functions of
number of laser pulses and film thickness have been
mated from the AES and XPS spectra. The experimental
fit well to the theoretical model presented in Sec. IV,
shown in Figs. 7 and 8, for very thin carbon films. Devi
tions from the exponential behavior were not observed,
confirms the predicted linear relationship betweend and N
given by Eq. ~9! and also means the carbon film is ve
uniform and homogeneous. However, the atomic concen
tion of Si and C for the same film thickness are different,
shown from Figs. 7 and 8. For instance,XC5XSi50.5 for
N'2 pulses from AES data, as observed from Fig. 7,
XC5XSi50.5 for N'11 pulses from XPS data, as observ
from Fig. 8. This is due to the fact that photoemitted ele
trons from the Si (2p) core level,ESi(2p)'1385 eV, have a
higher kinetic energy than ejected electrons from the Si-LVV
Auger transition,ESi(LVV)'92 eV, for this application. As
a consequence, the inelastic mean free path of electrons
energiesESi(2p) andESi(LVV) moving into the C overlayer
is lSC(2p)'34.7 Å and lSC(LVV)'6.1 Å, respectively.
The difference in mean free paths explains why the Si sig
is more persistent for photoelectrons than for Auger el
trons, as observed from Figs. 7 and 8. This results i
XSi /XC ratio from XPS measurements larger than the o
from AES measurements for a givend or N; i.e., AES is an
analytical technique more superficial than XPS for t
present study.

The existence of a SiC interface with a thickness from
to 4 Å, one to two monolayers, in the films is clearly dem
onstrated from the AES, EELS, and XPS spectra for the
two deposition pulses. This observation is also confirm
from Fig. 7 by observing a 1:1 stoichiometry of Si and
after two laser pulses. To inhibit diffusion of C into Si, th
films were grown on a substrate at room temperature. Th
the interface formation was not due to this process, but so
to the chemical reaction of the highly energetic carbon s
cies with Si atoms in the substrate. A buffer of SiC is
asset in the growth of carbon films because it would partia
release internal stresses in the films. In fact, the lattice m
matches of C/SiC, 22%, and SiC/Si, 25%, are smaller t
the lattice mismatch of C/Si, 52%.

The carbon species reaching the substrate and those
lated from the target are identical in an UHV environme
due to their large mean free paths. The plume composit
only formed by neutrals and singly charged carbon io
J. Vac. Sci. Technol. A, Vol. 15, No. 5, Sep/Oct 1997
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strongly depends on both laser beam wavelength and po
density.26 Although the plume composition was not able
be analyzed in this work, the predominant carbon ion spe
are believed to be C2

1 and C3
1. Murray et al.27,28 found out

that the species in a plume produced by a KrF excimer la
under experimental conditions similar to those used here
C2

1 and C3
1 with average kinetic energies of 55 and 18 e

respectively.
In summary, this work shows the existence of t

C/SiC/Si heterostructure in the deposition of laser abla
carbon species on Si~111! with a thickness of a few atomic
layers. The relationship between number of laser pulses
film thickness is attained, Eq.~9!. The carbon film in this
application is found to be of the HOPG-type rather th
DLC-type, as corroborated by the EELS spectra. The fil
also presented high adherence to the substrate, as no pe
was observed after detaching a scotch tape to the film.
tually, Qimin et al.29 have shown that a SiC interface is
necessary step to enable the growth of DLC films. Furt
investigation needs to be pursued to find the conditions
grow DLC films by PLD.
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