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Separation of thesp® and sp? components in the C % photoemission spectra
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Two different types of amorphous carbon films were deposited on Si substrates, with film hardness of 22
GPa and 40 GPa, by pulsed laser evaporation of graphite targets. The x-ray photoemissio>§p8cotthe
C 1s core level in these films shown two components at 284.3 eV and 285.20.1 eV, which were
identified with thesp? andsp® hybrids forms of carbon. Thep®/sp? concentration ratio deduced from the
area of the components had a value of 2/5 for the harder amorphous carbon film and 1/4 for the softer. Upon
annealing the harder film at different temperaturessipiés p? ratio remained nearly constant up to about 900
K and then decreased until reaching a value of zero above 1100 K. Tlsec@ré level shifted 0.30.1 eV
toward lower binding energy in the films for annealing temperatures above 900 K. This shift was correlated
with an increase in the asymmetry of the € XPS spectra and of the density of states at the Fermi level, as
observed by ultraviolet photoemission spectroscopy. There was no detestpldemon in the harder films
below 900 K, despite the presencesgf atoms andr bonds at those temperaturgS0163-182696)07935-Q

[. INTRODUCTION tron excitation in the NEXAFS experiments affects signifi-
cantly the# resonance in the spectra of grapHit€here-
Fore, a complete understanding of the structure and bonding
in a-C is still lacking.

It is commonly assumed that carbon atoms in amorphou
carbon films(a-C) hybridize their outermost andp orbitals

of carbon intosp3 almdsp2 hybrids, with a negligible pres- XPS has been used to dedusg/sp? concentration ra-
ence ofsp hybrids; to form 7 and o bonds. bon_ds are  tios in a-C filmst% by comparing their carbon Auger spec-
weaker thanr bonds and they govern the electronic proper-y,m with that of graphite and diamond. However, to our
ties of thea-C films such as their optical gap and electrical knowledge, the decomposition of the € photoemission
ConductiVity,z whereaso bonds determine their mechanical Spectra has never been done_ Un“ke a” above_mentioned
properties such as hardnessbonds form only betweesp®  techniques, the ionization cross sections for the XPS core-
hybrids, and it is expected that the tetrahedral disposition ofevel spectra are exclusively dependent on atomic factors and
o bonds insp? hybrids contribute to the hardness of #€  independent on the chemical state of the atoms when the
films much more than thep?® hybrids® Therefore, a reliable energy of the x-ray photons is well above the absorption
and accurate measure of thg® andsp® hybrid concentra- edge of the core levéf The intensity of the core-level peaks
tion in a-C films is desirable for understanding the propertiesis then directly proportional to the density of atoms. If the
of the films. C 1s core-level binding energies of trep® andsp? hybrids

The existing methods to obtain tis@®/sp? concentration in a-C are different, as they are in graphit&'? and
ratio in a-C films consist of determining the density of statesdiamond'®*3the C 1s photoemission spectra will be decom-
of 7 bonds with respect ter bonds. Presently, near-edge posed into two lines. Moreover, the determination of $ip2
x-ray absorption spectroscogiEXAFS) (Ref. 1) or high-  andsp? concentration will be straightforward with no need
energy electron loss spectroscoyEELS) (Refs. 5 and §  of reference samples, as is the case in NEXAFS or HEELS
are mostly used to measusg’/sp’ concentration ratios in where the absolute measure of #g? concentration in the
a-C films. The NEXAFS or HEELS spectra of carbon a-C films requires a reference sample that has to be 100%
sharply differentiates ther states from thes states. This sp? and isotropic in the orientation of its bonds. We report
method assumes that carbon atoms hybridigéandsp?in  in this work that, in free hydrogen amorphous carbon films,
a-C as they do in graphite and diamond to determine thehe C 1s core level is effectively decomposed into two com-
relative concentrations afp® andsp? hybrids ina-C films.  ponents, which are identify with thep®> and sp? hybrids.
However, €,2e) spectroscopy studies carried arC sug-  The binding energyBE) of the sp® hybrids is shifted with
gest that thep orbital in sp? hybrids has some charactef.  respect to the p? hybridized carbon by 0.9 eV, similar to the
The decrease in the* resonance of a NEXAFS spectra of value reported in Ref. 10 between diamond and graphite.
ana-C film would be then understood as a progressive rehyThis shift is 0.3 eV larger than the difference in binding
bridization of thes p? hybrids tosp®. There are more reasons energies between graphit€ and diamon& reported in pre-
to think that them bonding ina-C is different than in graph- vious works. The parameters we used in the fitting procedure
ite. Specifically, it has been reported that HEELS spectra ofor the decomposition of the two components are consistent
a-C films exhibit additional resonances near thepeak, the  with the macroscopic properties of the films, the graphitiza-
origin of which is still unclear.® Moreover, the core elec- tion of the films upon annealing, and their UPS spectra.
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TABLE I. Some physical properties @&-C thin films prepared in similar conditions than the
a-C thin films analyzed by XPS and UPS.

Density Optical gap Resistivity Hardness Young modulus
Sample (gr/cnt) (eV) (k€2 cm) (GPa (GPa
HP a-C 2.8 0.3 250 40-50 260
LP a-C 2.45 No gap 22 190
Il. EXPERIMENT Figure 1 shows the Cslcore level XPS spectra of graph-

The carbon was deposited on the native oxide of a previ'—te’ and of the HP and LR-C films. The maximum of the

ously degreased silicon wafer at room temperature and at3 ectral line shape of the graphite sample and the HP and LP

5 . -C films coincide within 0.2 eV. The full width at half
base pressure 6£10° * mbar. A pulsed Nd'YAG. laser, with maximum(FWHM) of the spectra are 1.1 eV for HOPG, 1.9
a wavelength of 532 mm and a pulse duration of 20 ns

: eV for HP a-C, and 1.8 eV for LRPa-C. The spectra of the
evaporated the carbon from a graphite target. The frequenfﬁp a-C film become 1.4 eV wide and it shifts by 0.4 eV

of the pulses was 10 Hz. The substrates were located in fron6 S ;
. . towards lower binding energy at 1200 (Rig. 2).

O.f the target at 14 cm distance. The thickness of 4h6 . We compare the glasmogrilloss feat(urgs gf ah€ films
films, as monitored by a quartz balanc_e, was 500 A, WhIChand graphite in Fig. 3. The plasmon is at 6.4 eV from the
was large enoggh to avpld Si segregation to th.e surface duE': 1s peak maximum in graphite, and its position is at about
Ignr%vtvhneva?r? ﬁ:‘slg]rgp%)\(/\?:rrs'n;?r}}tgv\;\évnc:zk;%s?l%fw\jinﬁ%e the same energy in the LR-C film. The & plasmon was

. X . ) detectable in the HR-C film only for temperatures above
deposit what we will designate dsgh power(HP) andlow 900 K
power (LP) films, respectively, with different physical prop- Thé Hell spectra of the-C films, shown in Fig. 4, evolve
erties(Table ). ' C

. . from a smooth line shape at room temperature to spectra
XPS and ultraviolet ph(_)toemlssmn spectroscdpiP with better defined features at higher temperatures. Some of
measurements were done in an UHV chamber at a base pr

SRem can be identified with those measured in polycrystalline

sure of 510 ' mbar. Samples were inserted under vacuum . . :

from the preparation chamlger with a load lock. Surface congraphlté5 The increasing sharpness of the shoulder at 3-eV
' [iinding energy demonstrates bonding formation with in-

S?qul'ff: svgirscensotofn?;::(i:izzaglr? v?esremtﬁgltl(\)/fﬂ%eb{l;g;SG an reasing annealing temperature, since this structure is exclu-
) g ' sively related to ther band in graphité? and it is not present

Z\giégggsi:e?g?'aaﬂg Itgren H'?éﬁhzei\érgc% I:?”T(rfggdi\r))e in diamond'® The formation ofr bonds or graphitization of
P : the films during annealing is accompanied by a progressive

level of a highly oriented pyrolitic graphittHOPG), freshl ; : .
cleaved anciq ar):nealed atplleO Kgserr)vetgdlas r?ferenceyin eP'(_)puIatmn of states at the Fermi level, which stops at 300 K,

ergy in all XPS spectra, and we set it at 284.4 eV with
respect to the Fermi levéf? The instrumental resolution in
the XPS experiments was 0.8 eV as we determined by the fit
of the C 1s XPS spectra of the HOPG. The Fermi level was
obtained from the He UPS spectra of a sputtered and an-
nealed gold foil. A hemispherical electron analyzer measured
the kinetic energy of the photoelectrons, and operated at a
resolution of 0.4 eV, as determined from the Au Fermi edge.
Charging effects were not observed in any of the analyzed
samples. In the annealing experiments, samples were heated
for 5 min at a given temperature by passing a dc current
through the substrate. Spectra were recorded after turning off
the dc current.
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lll. RESULTS LP a-C (RT)

Table | presents some of the physical characteristics of
films prepared in similar conditions to those analyzed by
XPS and UPS. The density of the flms was measured by
x-ray reflectivity. The hardness and Young’s modulus was e A
obtained by nanoindentation in films thicker than 2000 A. w2 Zézndingn;ggsy (ci/g)é 87 288
The hardness of the H®-C film is comparable to or higher
than that reported by othefsjespite its much smaller optical ~ FiG. 1. Comparison between the € KPS spectra of graphite
gap. Similar samples were studied also by Raffafhe HP  and those of the amorphous carbon films HP and LP obtained at
sample was semiconductor and harder than the LP samplg&om temperaturgRT). The solid lines are the components in
so the former should contain a larger concentratiorspf  which the spectra were decomposed. The resulting fit is superim-
hybrids. posed to the data.




8066 DiAZ, PAOLICELLI, FERRER, AND COMIN 54

ill\\l\l}ll\\lllllIII‘IT\llilil 1|I| |l]||||D||II‘I|IlI
e Cls XPS E
s . % HPacC i}
Ll "'\
1450 K -~ .;.. s." .\"Wm
—_ .-..—-M’ S, -
2 SL "-.‘\' graphite
E | mook 5 . ——— ~  |fref. 15)
a‘ 1 ,.,.,-w/ & “s -% i, =
< 4-. » \’o ) E RN
5 200K 5 e, [ EV %
o . S W
g S - 1300 K__J
= 950K o~ R " e et g
£ s L
g R ~ e, g |1100K
= R ~ ~ PR
g | 800 K ey £ ..,40‘\,- '.. \W é,
) & ° ﬁ~ [/}
| 60K v S ‘~.~\ o § 950 K ___J
RT i = 800K
J 650 K
* M Hell (hv=40.8 eV)
281 282 283 284 285 286 287 288 RT
Binding Energy (eV) ' HP a-C
I 1 | 1 1 I 1 | ] ‘ 1 l 1 ‘ 1 | L] [ 1 | ] |
FIG. 2. C1s XPS spectra of the HR-C film annealed at dif- -4 0 4 8 12 16
ferent temperatures, compared with the spectra of graphite. Binding Energy (eV)

FIG. 4. UPS(Hen) spectra of the HRa-C film obtained after
Sannealing at different temperatures. The spectra are compared with
the spectrum of polycrystalline graphite of Ref. 15 obtained at an

xcitation energy of 45 eV. Ticks are located at energle€.7 eV;
,3eV;C,5.7eV;D, 8eV. All UPS spectra were normalized to
t%eir total intensity.

as it is more clearly shown in Fig. 5. This graphitization doe
not bring about a complete transformation of &€ films to
polycrystalline graphite, since not all the features present i
the UPS spectrum of graphite appear in the spectra of th
annealed-C films.

IV. ANALYSIS OF THE DATA AND DISCUSSION
ian component accounted for the instrumental energy resolu-

The best fits 1o the Cﬂcore—llevel spectra of our sampleg tion together with the chemical disorder, and the Lorentzian
needed two components. We identified the component WItlF

) C . X . or the lifetime of the photoionization process. The Lorentz-
the highest binding energy with tisep® hybrids, according to ian lifetime width for both components was fixed at 215
the higher binding energy of the Glcore level in

. . _ meV!? The Gaussian widths of spectra farC samples at
diamond* than in graphité:*® Each of the components was P b

: . ) room temperature were 1.25 eV for both components. When
the convolution of a Gaussian and a Lorentzian. The Gauss- P P
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FIG. 3. C1s shakeup spectra of the LP and HFC films ob-
tained at room temperatuf®T) and at 900 K, compared with that FIG. 5. UPS(He 1) spectra of the HR-C film at the Fermi level
of graphite. edge upon annealing at different temperatures.
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the sample temperature was changed, ip& component 285.5 (ot e e
eventually narrowed to 1.2 eV at 1300 K and 1.1 eV at 1450 r T ]
K, with the change in the width of thep® component re- & 5851 [ § § % % ]
mained negligible. The disorder in the samples was still sig- & C : '
nificantly higher at these temperatures since the widths wereg 2848 [ diamond [ref. 13] ]
still larger than the intrinsic resolution of the spectra. o0 [ graphite [ref. 9.10,12] :
For the sp? component, a Doniac-Sunjic function was £ 2844 [ %p —— .
used® This function can be approximated as the convolution 'E r § § x 5
of the Lorentzian with a power function of the type: 284 oo oo L O e 0O
) 40 E_ b [ ] _f
&0 r [ ] 3
LE?), M gk E
820 L . 3
whereE is the binding energy and is a parameter desig- mg 10 £ _
nated as singularity index. In metals, this function corre- & o b ® . o A
sponds to the spectrum of electron-hole pair excitations cre- 2 | | ‘ | 1 3
ated at the Fermi level to screen the core hole potettial. N
The singularity index is related to the electron density of . 02 | 3
states at the Fermi levél. The Doniac-Sunjic function is § 018 L } i § E
commonly used to fit the spectra of graphit&?'and aro- IS o 16'5 § E
matic molecules and coaf$?® We measured a singularity & [ 3
index in HOPG graphite of 0.14 which agrees with the value g, 14 | E
obtained in Refs. 20 and 23. This value @fis higher than S o012 | -
the value of 0.075 measured by Chetral!? at much higher 01 R L T
photon energy resolution. The asymmetrical energy distribu- 200 400 600 800 1000 1200 1400 1600
tion of the Mn K, x-ray emissior?* that it was used by Refs. T (Kelvin)

20 and 23 and by us as an excitation source, is probably the
cause of disagreement in the measured of the absolute value FIG. 6. Variation with the temperature of the € XPS binding
of a. To avoid such a discrepancy, our analysis will look energies of the components related to ## andsp® hybridized
only at the relative variations ir between spectra, since the carbon atoms, the concentration ®6° hybridized carbon atoms,
energy asymmetry of the Mn Kline is constant. and the singularity index in the HPa-C film.

The C1s spectra were fitted with five parameters: the
Gaussian width and binding energy of each component, and
the singularity index for thesp? component. Figure 1 dis- ing energies of thap® andsp? hybridized carbon is defini-
plays the fits for HOPG, and for the HP and BFC films at  tively larger than the 0.2-0.3 eV claimed by other
room temperaturéRT). The component attributed to tis¢?  authors?*2°
hybrids in thea-C films is at a binding energy similar to that ~ The sp? component in the Cslcore-level spectra shifted
in graphite. The singularity index is 0.3D.01 for the HP by 0.3+0.1 eV toward lower binding energy with respect to
film and 0.19-0.01 for the LP film. The binding energy of its position at room temperature for temperatures above 1000
thesp® component is 0.2 eV above that reported for diamondK (Fig. 6). Such a shift is not caused by charging effects
in Ref. 13. The binding energies of both componentssie  since otherwise their UPS spectra should show a similar
concentration and the singularity index of the FC film shift. Moreover, we measured the same shift ind-E films,
annealed at different temperatures, are depicted in Fig. Gvhich had no optical gap and were conducting. The negative
The assignation done at the beginning of the higher bindinghift of 0.3 eV is coupled with the density of states increase
energy component to thep® hybrids is correct since it de- at the Fermi energyFig. 5), and the singularity indexFig.
creases in intensity when the temperature increases, in agre®- Such a correlation between the € hinding energy and
ment with the graphitization of the sample showed in thethe density of electrons at the Fermi level suggests as a pos-
UPS spectra. The accuracy in the determination of the bindsible cause for the Cslbinding energy shift is the change in
ing energy of thesp® component is not good at elevated the charge relaxation of the excited carbon af8#f.
temperature because its intensity was too low. The binding energy of the Csllevel in the annealed-C

The fits show that there are 40% s)6® hybridized atoms  film is also 0.3 eV lower than in graphite which would indi-
in the HPa-C, almost twice than in the LB-C (Fig. 6). This  cate that the density of states at the Fermi level is higher in
agrees qualitatively with expected since HFC is harder the anneale@-C films than in graphite. There are two pos-
than LPa-C (see Table)l and this physical property is pro- sible reasons to support this. If at high enough annealing
portional to thesp® concentratior. temperatures the films are made of graphitic |affetisere

The difference in the binding energy of tisg® andsp?  will be a reduction in the distance between layers, since the
atoms is 0.9 eV, similar to the value reported by Mizokawasubstitution of thesp* sites bysp? increases significantly the
et al1® between graphite and diamond, but 0.3 eV larger thavolume in thea-C films?® This causes an increase of the
the values given separately for graphite by Ceeal!?and  compressive stress of the film, since the film expansion is
for diamond by Moraret al!® It is unclear how much the constrained in the directions along the substrate plane. Mea-
resolution of the spectra could affect the position of thesuring the substrate bending by means of a profilometer, the
peaks, but it can be asserted that the shift between the bind-C films exhibited a compressive stress that ranged from 2
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to 5 GPa at room temperature, and risen up to 30 GPa aftée. Second, because the excited state has a shorter life time
annealing at 1300 K. A 30 GPa compressive stress in micragthan in graphite and hence the feature broadens in the spec-
crystalline graphite causes a reduction of more than 15% itra.

the distance between plan&swhich can produce an effec-

tive increase of the density of charge with respect to that in V. CONCLUSIONS

graphite. A second reason for the increase of the density of o

states at the Fermi level in the anneate@ films is the bond travé)ll? Ch;\éifeirr]nﬁgf]ga;?g tg?;:gig Ern?éogﬂz'sslfgfsf ec-
disorder within the layers. The larger Gaussian width of the - ydrog 3 ! NS WO
films annealed at 1300 K1.2 e\) with respect to that of components arising from thep® and sp” hybridized forms

: . . of carbon, which are chemically shifted &9.1 eV from
HOPG (0.8 eV) demonstrates that bond disorder is still ’ . ;
present in the films. Defects within the layers as, for in_each other. Therefore, XPS provides an straightforward way

stance, the presence of five atoms rings instead of the beﬁ?iggi?g?"tmhg rlfrlsmlfh:;Ogﬁgrtgg'ev?;pjn%n%;{)zsz%' les
zene rings of graphite, may put states at the Fermi [evel. ' Y P

; . with hardness of 40 GPa and 22 GPa had a concentration of
Finally, we call the attention to the absence of thplas- X .
mon in t%e spectra of the H&C for temperatures belgw 900 sp* hybrids of 40% and 25%, respectively. Thp* concen-
K, despite the presence s sites ands bonded electrons tration of the hard films remained constant for temperatures

in these films, as proved by XPS and UPS. The reason migr“?tS high as 800 K, and decreased to zero for annealing tem-
be the localization of ther electronic charge induced by perl?tlt\j;zs dae?r?c\)/r?s%rz(t)g thhat the absence ofthglasmon in
disorder, which is consistent with the semiconductor charac,[—he C1s photoemission spectra is not a direct proof of a
ter of these films and the relatively low value of their singu- P P P

larity index compared to graphite. However, the absence Or]aeghglble concentration op” hybrids ina-C films, since

the 7 plasmon in semiconduct@-C films seems not to be a tr;e wzp:]ast)mgn Waﬁ.nﬁt de:seozi;ed in films with concentrations
general rule since hydrogenatadC films, with larger opti- of sp~ hybrids as high as o

cal gaps than the H®-C film, exhibit thes plasmon in their
spectra:®? The intensity and energy of the plasmon in
a-C films are perhaps related to the wayrbitals overlap to We thank A. Santoni for fruitful discussions and experi-
form the 7 bonds, and to the local disorder. Disorder maymental assistance during experiments. One of the authors,
affect them plasmon intensity for two reasons. First, becausel.D., thanks the Ministerio de Educacion y Ciencia of Spain
the overlap of the orbitals is degraded compared to graph-for financial support.
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