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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 Silll) surface at room temperature. The deposition process is
investigatedn 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. 1@97 American Vacuum Society.
[S0734-210(197)00405-3

[. INTRODUCTION grow DLC films because solid targets of carbon are difficult
to evaporate by most techniques.

Pulsed laser depositioPLD) is a novel technique to  nowadays, the growth of carbon films by PLD is an area
grow thin films of conducting, semiconducting, and dielec-4f intense research because homogeneous films with high
tric mlaztenals based on the photoevaporation of a solid,yhesjon at low substrate temperature without catalysts in an
target. The laser beam ablates the target and a plume Iﬁltrahigh vacuumUHV) system can be produced. In recent

produced, which is composed by free radicals with a fewstudies, Collinset al’® and Pappaset al! have grown

tens of eV in kinetic energy. The presence of very energetitf1 drogen-free carbon films by PLD. They have found that
species in the ablation plume leads to a high instantaneo%y

deposition rate per pulse, 4016° A/s. Hence, PLD is suit- e microstructure in the films is sensitively dependent on the

able for small-scale production of multilayered heterostruc-Implngement flux and average kinetic energy of the ablated

tures, and homogeneous amorphdusgcrystalline? species, mostly 3in the 50-200 eV energy range. The films
layer-by-layer and stoichiometrit thin films of very con- showed a higlsp*/sp” ratio, meaning that charged and very

trolled thickness. Among the heterostructures currently bein&nergetlc atoms are c.r|t|cal precur_sorssmf _bond|_ng.
investigated are those systems belonging to the group Iv/ 'herefore, the quality and bonding configuration of a car-
group IV. In particular, the study of the interface of C/Si is PN thin film depend on both: the kinetic process which con-
interesting because there is a large difference between tHE°!S the chemical structure and the interface formed during
lattice constant of the materials involved, a 52% lattice misthe early growth stages. This study can be carried out in a
match for diamond structure, compared to systems like SiYery precise manner by means of analytical techniques in the
Ge, a 4% mismatch. same system where the deposition process is performed. Un-

The study of carbon deposition is also one of the mosfortunately, there are few reports in the literature abiout
active research areas in thin films because they may produ&éu growth and characterization of carbon films. For in-
hard noncrystalline carbon films, generically named dia-Stance, Beltonet al’?!3 have studied the nucleation and
mondlike carbor(DLC).”~® The properties of DLC films are growth of diamond films by CVD and they performedsitu
exceptional: good optical, chemical, and mechanical propercharacterization by means of x-ray photoelectron spectros-
ties; regarding the last property, it has high hardness to weamopy (XPS) and electron energy loss spectroscqpfELS)
resistance and shear stress. Traditionally, diamond films hawspectra. During the early stages of the deposition process,
been grown by chemical vapor depositigBVD) using a they observed the formation of a SiC interface but no quan-
catalyst, like hydrogen, at a gas pressure between 1 and 5@ication about the film or interface was reported. Mat
Torr and substrate temperature in the 600—1300 °C rang&agoet al1*® have grown DLC films by PLD on clean Si
The various characterization techniques have verified th@_OO) at room temperature. The film growth evolution was
presence of both thep” andsp® bonding in DLC films, but  analyzedex situusing Auger electron spectroscopiES)
there is a lack of long range ord®CVD is widely used to  and jon scattering spectroscopysS), and did not observe
the existence of a SiC interface. After a postdeposition heat-
;No proof corrections received fro'm_ author prior.to publication. _ing treatment of the DLC films at 950 °C for 10 min, they
Also at Programa de Posgrado esiEa de Materiales, Centro de Investi- . . . . .
gacia Cientfica y de Educacio Superior de Ensenada, 22800 Ensenada,aCtua”y noticed the formation of SiC due to the interdiffu-
B.C., Mexico. sion of C and Si.
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Fic. 1. Cross-sectional view of deposition chamhiér) Pulsed laser beam, ) ) ) ) ]
(B) substrate(C) targets,(D) thermocouple, an¢E) resistive heater. Fic. 2. Sketch showing the direction of each apparatus in the analysis cham-
ber in terms of the azimuthad), and polar,d, angles ag¢,6) pairs.

The presenF work reporFs the |dent|f|cat|on and quanuﬂ—main parts, as shown in Fig. 1. The substrate station includes
cation of the different species involved in the growth of car-

bon films by PLD usingn sit ¢ ¢ ies. Th motorized continuous rotation for uniform deposition and
on fiims by usingn Situ SUrtace Spectroscopies. 1€ g along its axial direction. The motorized targets ma-

maip goal is the st.udy of t_he filml—substrau.e interfac;e. This ISnipulator has a four-way cross sample holder which can store
achieved by ablating a high purity pyrolytic graphite targetup to four targets. It allows-y-z translations, being the

using an ultraviole{UV) pulsed excimer laser in an UHV direction along the surface normal, resulting in a substrate—

environment, and observing the initial stages of the deposlt- rget adjustable separation from 2 to 4 in. The output of a

tion process. The ablated species are adsorbed on a clean Ised KrF excimer laser, Lambda Physik® LEXtra 200, en-
(111) surface kept at room temperature. The experiment '?ers through the laser viewport, aiming the target at an angle

momentanly mterrupted at selected gro.wth t|mes.to quqhta-mc 50° off normal. The nominal laser wavelength is 248 nm
tively and quantitatively analyze the film evolution using

with a pulse length of 34 ns. The pulse repetition rate can be

AES, XI.DS’ and_ EEL.S' The possible gxistence of a .SiC in; hanged from 0.5 to 30 Hz and the operating energy is in the
terface is also investigated. The details of the experlmenta]j’o_700 mJ range

setup, procedure, and results can be found in Secs. Il and III, The analysis chamber, base pressar@x 10X Torr,

respectively. The quantitative analysis is described in SecConsists of a CAMECA MAC 30, XPS-AES, system. As

V. _Flnally, th_e analytlc_al and exper_lmental re_sults, and themany as two samples are held in place on a heated manipu-
main conclusions of this work are discussed in Sec. V.

lator. The electron gun, the x-ray source and the electron
analyzer point to a specimen along the directions depicted in
IIl. EXPERIMENTAL SETUP Fig. 2. An Ar ion gun is also available in the chamber for

The carbon films growth and characterization are per—Sputter cleaning purpose.

formedin situ in a laser ablation system Riber© LDM-32.
The system basically consists of three stainless steel uHY!- EXPERIMENTAL PROCEDURE AND RESULTS
vacuum chambers; sample rapid loading, deposition, and The experiment is based on the photoevaporation of a
analysis. Each chamber is isolated and independentlgommercially available pyrolytic graphite target, a
pumped by ion and Ti sublimation pumps with a pumping2Xx 1/16 in. disk with 99.999% purity. The substrate is a
speed of a few hundred liters per second in the pressur2x0.010 in. Si(111) wafer. The substrate was cleaned by
range of a typical experimental run. A couple of transfer rodghe following procedure before being introduced into the
allow in vacuointerchamber linear motion of the target and loading chamber. It is firstly dipped in a 1:1 volume solution
substrate, only one at a time, during the different steps of thef H,O, and HSO, for 15 min, then plunged in distilled
overlayer processing. water for 5 min, later washed in HF for 25 s, and finally
The loading chamber is provided with a viewport accesginsed in distilled water. The target is packed under Ar by the
door with an O-ring vacuum seal, hence the base pressure isanufacturer and no cleaning procedure is believed to be
in the high 10° Torr, to mount up to two samples, disks as necessary.
big as 2 in. in diameter, on a storage manipulator with heat- Prior to any deposition, both the substrate and target sur-
ers. faces were analyzed. The $111) surface is previously
The films are grown in the deposition chamber, base presheated at 600 °C fo3 h and annealed at 850 °C for 1.5#’
sure<=2x 10 19 Torr. The chamber comprises a heated subto remove the “native” oxide, typical in all silicon surfaces,
strate station and a rapid switching targets manipulator as thend recover its long-range crystallinity. Afterwards, a survey
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Fic. 3. AES spectra of the different stages of carbon film growth o1 8l

at room temperature. The no pulse curve corresponds to the clgad 1pi

substrate. Fic. 4. EELS 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.

scan and high resolution scans using XPS of thesf(1
Si(2p), and O(X) regions are obtained for both specimens.
The x-ray source of the CAMECA system produces two
kinds of x-ray lines with energielr(Mg Ka)=1253.6 eV
andhv(Al Ka)=1486.6 eV. The XPS scans are done usin
photons with an energy div(Al Ka)=1486.6 eV. Simi-
larly, the Auger transitions are investigated in the 50—-600 e
energy range using an electron guntwé 3 keV incident
energy. Plasmon losses are studied by EELS using an ele
tron beam wih a 1 keV incident energy. This technique is
particularly sensitive in distinguishing several carbon phases

and carbides present in the fifiThe resolution in energy

of the spectra is found to be 3 eV for AES, 2.3 eV for EELS, ——— T
measured from the full width at half-maximugrWHM) 28—

value of the elastic peak, and 1.2 eV for XPS, evaluated from
the FWHM value of C(%) peak.

No C or oxides on the clean substrate and a negligible
amount of oxides on the clean target were found as deter- ;
mined by AES and XPS scans in Fig. 3. The EELS spectrum
of the clean substrate shows a well defined peak at 17 eV
with harmonics at 34 and 52 eV, as shown in Fignd pulse
curve. The relative intensity of the harmonic peaks with
respect to the main peak is a clear indication that th@ 8)
surface is highly crystallin&® The target EELS spectrum
shows strong peaks at 28 and 55 eV, characteristic of pyro- @ \

operated at a fixed pulse repetition rate of 1 Hz and the beam
is focused to an area of0.1 cnf. Before the actual depo-
sitions, the growth of carbon overlayers was attempted in the
D to 5 J/cm fluence range. The threshold fluence for detect-
ing carbon deposition from AES and XPS spectra was found
to be 2 J/cri, but this signal was almost imperceptible be-
cause the peaks were comparable to the background noise.
The best results were found at a fixed fluence of 5 3/and

INTENSITY (a.u)

lytic graphite®°as seen in Fig. @®). This spectrum is used

as a reference to determine the carbon phase of the films
grown in this application.

The substrate and target were then transferred to the depo-
sition chamber to start the carbon film growth. The target I I R T N T
surface is uniformly swept by the laser beam using the mo-
torized manipulator. The ablated carbon species are depos-
ited on the clean Si surface at room temperature, which g 5 comparison of EELS spectra of ttm pyrolytic graphite target and
kept at a target—substrate distance~e2 in. The laser is (b) carbon film after ten laser pulses of deposition.

ENERGY LOSS (eV)
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homogeneous binary solid. As is well known, the measured
atomic concentrationXg; of Si andX¢ of C in the film are
directly proportional to the signal intensity; of Si andl ¢ of

C, respectively, taken from the AES and XPS spectra for
several number of pulsé8:

I'si(N)/Ss;
[1si(N)/Ssi]l+[1c(N)/Sc]’

Ic(N)/Sc
[1si(N)/Sgi] +[1c(N)/Sc]

In Egs.(1) and(2), Sy is the instrumental sensitivity factor

for the Si (2) peak orLVV transition of the clean substrate

for XPS or AES, respectively, arg- is the sensitivity factor

for the C (1s) peak orKLL transition of the target for XPS

or AES, respectivelyN is the number of laser pulses.

: Co . 1 pulse As a first approach, the quantification of AES and XPS

200 286 282 278 spectra can be done using simple analytical expressions

BINDING ENERGY (eV) based on the assumptions that the effects of elastic electron
scattering is negligible, and the surface is a thin layer con-

Fic. 6. XPS spectra in the C €} region of the different stages of carbon sjsting of tens of monolayers or less. Theoretically, the in-

film growth on Si(111) at room temperature. tensity 1%, of the substrate, referred to the measured intensity

I'sio Of the clean Si111) surface, coveredyba C overlayer

those are the ones reported in this work. The maximun®f thicknessd is given by°
chamber pressure 210~ ° Torr during deposition. d

To have a better understanding of the film growth evolu-  1g(d)=Ig;q exp{ - E—) 3
tion, a time-dependent characterization of the surface is ob- AsdEs)cos
tained. The deposition of carbon overlayers on(Bil) is  and the intensity & of the C overlayer, referred to the mea-
temporarily interrupted at selected time intervals, number oured intensityt ¢ ; of the graphite target, is correspondingly
laser pulses, to transfer the resulting film to the analysigjiven by
chamber to be characterized by AES, XPS, and EELS. As
soon as the film is analyzed, it is returned to the deposition %, 4y_ { _ p( _ #)

e A T 1E(d)=lcg 1—ex

chamber where the overlayer processing is continued. Fig- c ’ Acc(Ec)cosa

ures 3, 4, and 6 show the AES, EELS, and XPS SPecligy Eqs.(3) and(4), a is the polar angle between the electron
respectively, of the different film growth stages or “snap- analyzer direction and the surface normal, giverzas20°

shots” of a typical deposition process. Figure 5 shows thqn Fig. 2, \sc and Acc are the inelastic mean free paths of

main peaks due to plasmon losses obtained by EELS for th@lectrons ejected with energiEs; by a Si atom an&. by a

grgphite target and afilm after ten laser pulses of depositiorb atom, respectively, moving ir|1to the C overlayer. The

It is Important to mentlon_t_hat the EELS spectra do notyq Ec values depend on the binding energy of a core level

change in shape for depositions beyond ten pulses. electron or Auger transition electron energy of the type of
spectra involved in the calculation, either XPS or AES.

IV. QUANTITATIVE ANALYSIS The expressions for the estimated atomic concentration

The thickness of a film can be estimated by measuring theontent of Si and CXg; andXg, in the film can be obtained
signal intensity of a certain element in a matrix containing ausing Eqs.(3) and (4):

T B T T
285.1 ; 12837

Xsi(N) =

(€

Xc(N)=

(2

10 pulses

INTENSITY (a.u.)

7 pulses

4 pulses

3 pulses

. 4

d
'sio ex;( ~ NsdEs)cos a)

d d
'sio ex;( - Asd Esj)cos a) +IC'U[1_6XF{ - )\cc(Ec)COSCY>

d
Ic'{ - ex;{ - )\CC(EC)COSC“)

E(d)= 5
Isio exp{— _HC’D[:L_eXF{_—)\CC(EC)COSa)
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FILM THICKNESS (ANGSTROMS) tions are depicted as curves in Figs. 7 and 8. The values of
60 80 Asc and A ¢ have been estimated following the procedure
. : . described by Powekt al?1-%

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

100

80

S
=z
(]
E 60
E (N=1)= X%
= " . sisg Xs(N=1)=X§(d). Y
2 40 o = Csignal Substituting Egs(1) and(5) into Eq.(7), and using the sig-
8 nal intensities for one pulse taken from the AES and XPS
Q 20 spectra,d(N=1)=2.04 A is obtained. Actually, the same
g value was also found by means of
'_
<
0 Xc(N=1)=Xg(d). 8
30 40 Thend andN are postulated to be linearly related, at least
NUMBER OF PULSES for very thin film films, by
d=(2.04 A)N. 9

Fic. 7. Measurements of the overlayer atomic concentration of each specie,
shown as symbols, for two different films grown by PLD as a function of the

film thickness and number of laser pulses using the AES data. The soli§/ DISCUSSION AND CONCLUSIONS
lines correspond to the analytical expressions given in Sec. IV.

The first stages of a hydrogen-free carbon film growth
prepared by PLD in an UHV system using different spec-
troscopiesin situ has been investigated. The AES spectra

The Xg; and X values are found by Eg$l) and(2) for ~ change in shape and intensity as material is deposited on the
two different depositions as a function of the number of lasesubstrate surface, as shown in Fig. 3. The characteristic sharp
pulses. These experimental data are obtained from the AESeak at 92 eV associated to ISi¥V Auger transition of the
and XPS data and displayed as symbols in Figs. 7 and &lean substrate, no pulse curve in Fig. 3, has changed to a
respectively. TheXg; and Xg values are calculated by Egs. peak at 90 eV after one laser pulse of deposition. The sharp
(5) and(6) as functions of the film thickness, these calcula-peak at 85 eV has also turned into a broad and less pro-

nounced peak after the first laser pulse of deposition. Simul-
taneously, the one pulse curve in Fig. 3 also shows that a
new signal develops at 270 eV. According to the literature,
FILM THICKNESS (ANGSTROMS) these features are associated to the chemical binding of the
0 20 40 60 80 materials involved in the deposition to form Sit%> As the
. - T - . - | number of laser pulses is increased, these two peaks shift in
energy and change in shape and intensity. The flat shoulder
at 270 eV smoothly transforms to the well knownKCL
Auger peak at 272 eV when the number of pulses goes from
one to seven, as shown in Fig. 3. As expected, a very small
signal of SiLVV Auger transition is still observed after seven
Si signal pulses in Fig. 3. A fully developed &LL Auger peak cor-
C signal responding to the highly oriented pyrolytic graphitOPQ
typet>!®is identified after 30 pulses, but not shown.

Similarly, the EELS and XPS spectra change in shape and
intensity as the carbon species are deposited on the substrate
surface, as shown in Figs. 4 and 6, respectively. Before the
carbon deposition, the EELS spectrum of the clean substrate

100

80

60

40

20

ATOMIC CONCENTRATION (%)

0 shows a shoulder at a plasmon energy loss of 9 eV and a
0 10 20 30 40 main peak at 17 eV with several harmonics, as observed in
NUMBER OF PULSES Fig. 4 (no pulse curve The plasmon loss of the main peak

shifts in energy from 17 to 21 eV after the first two pulses, as
Fic. 8. Measurements of the overlayer atomic concentration of each speci

shown as symbols, for two different films grown by PLD as a function of the%bserved in Fig. 4. The energy S.hlft Ofgtff%lzs plasmon loss has
film thickness and number of laser pulses using the XPS data. The soIi_E)eerl _Shown to be CharaCte”SUQ of Th? shape and
lines correspond to the analytical expressions given in Sec. IV. intensity of the EELS curves continue changing as the num-
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ber of deposition pulses is increased, as shown in Fig. 4, bugtrongly depends on both laser beam wavelength and power
no significant variation is observed beyond ten pulses oflensity?® Although the plume composition was not able to
deposition. Plasmon losses in the EELS spectra of the pyrdse analyzed in this work, the predominant carbon ion species
lytic graphite target and the resulting film after ten laserare believed to be £and G. Murray et al?? found out
pulses are compared in Fig. 5. They both show a sharp pedkat the species in a plume produced by a KrF excimer laser
at 28 eV and a broad peak at 55 eV, but the curve for the filmunder experimental conditions similar to those used here are
shows a well defined shoulder at 6 eV loss energy, a fingetC; and G with average kinetic energies of 55 and 18 eV,
print for well ordered graphite like HOPE:'® The XPS respectively.
characterization results are shown in Fig. 6. After one pulse, In summary, this work shows the existence of the
a sharp peak at 283.7 eV, characteristic of SiC, shifts t¢=/SiC/Si heterostructure in the deposition of laser ablated
285.1 eV, corresponding to the C g)lbinding energy, for carbon species on $111) with a thickness of a few atomic
ten laser pulse 25 layers. The relationship between number of laser pulses and
The atomic concentrations of Si and C as functions of thdilm thickness is attained, Ed9). The carbon film in this
number of laser pulses and film thickness have been estgpplication is found to be of the HOPG-type rather than
mated from the AES and XPS spectra. The experimental dat@LC-type, as corroborated by the EELS spectra. The films
fit well to the theoretical model presented in Sec. IV, asalso presented high adherence to the substrate, as no peeling
shown in Figs. 7 and 8, for very thin carbon films. Devia- Was observed after detaching a scotch tape to the film. Ac-
tions from the exponential behavior were not observed, thidually, Qimin et al?* have shown that a SiC interface is a
confirms the predicted linear relationship betwebandN ~ Necessary step to enable the growth of DLC films. Further
given by Eq.(9) and also means the carbon film is very investigation needs to be pursued to find the conditions to

uniform and homogeneous. However, the atomic concentrl®W DLC films by PLD.
tion of Si and C for the same film thickness are different, as

shown from Figs. 7 and 8. For instancéz;=Xg=0.5 for ACKNOWLEDGMENTS
N~2 pulses from AES data, as observed from Fig. 7, but
Xc=Xg=0.5 forN~11 pulses from XPS data, as observed
from Fig. 8. This is due to the fact that photoemitted elec-
trons from the Si () core level,Eg(2p)~1385 eV, have a
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