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In this study we present photoemission data for three different types of amorphous carbon modifications
(a-C:H, ta-C:H, andta-C) that owe their properties to their different preparations by radio frequency plasma,
plasma beam, or arc discharge. Their properties are investigated by means of their characteristic plasmon loss
following the C 1s core level, the core-level shape itself, and by their valence bands. For all three amorphous
modifications as well as for the two crystalline ones, diamond and graphite, we present density of states
calculations which in the amorphous case are based on molecular-dynamics simulations. The electronic density
of states is fitted to the data using photoemission cross sections and a model for the lifetime broadening. The
agreement achieved is very good and confirms the validity of the predicted structures that do not possess any
significant largermr clusters.

[. INTRODUCTION ergies as measured by electron energy-loss spectroscopy
(EELS).” Concerning information about the types of bonds
In this work we try to come to a realistic model of the realized in the amorphous network, nuclear magnetic reso-
three presently most interesting amorphous carbon materialeance spectroscopy has so far provided the most reliable
which owe their different properties to different deposition sp?/sp® ratios, while hydrogen bonding configurations have
processes. The fundamental construction elements of amdpeen studied by infraredR) absorptioriL.O Knowledge about
phous carbon arsp® andsp? hybridized carbon atoms. The defects stems from conductivity measureméhtslectron
two natural crystalline modifications where eittep® and  spin resonanc¥ photoluminescend¢d and photoelectron
sp? hybridization occurs exclusively are diamond and graphyield spectroscop}¥ It is the main objective of the present
ite, respectively. Graphite is thermodynamically the mostpaper to provide, by means of photoelectron spectroscopy,
stable configuration, yet diamond lies only 2.9 kJ/ni@  information on the densities of statd30S) of these mate-
meV/atom higher in energy and separated by an activatiorrials and to see by comparison with pertinent model calcula-
barrier! These two crystals must form the basis of any analytions to what extent structural aspects and differences in
sis of an amorphous network. Notably the possibility ofsp?/sp® ratio are reflected in the DOS. These investigations
sp? hybridization makes this task so much more difficult extend earlier measurements of the valence-band spectra of
than a comparison between, e.g., crystalline and amorphowsnorphous carbof?:*°
silicon or germanium which occur in tetrahedral coordination  To this end we compare valence-band spectra obtained by
only. x-ray excited photoelectron spectrosco¥PS after due
The amorphous carbon modifications contain, likecorrection for photoemission cross sections and final state
a-Si:H, considerable amounts of hydrogen if they are preeffects with calculated densities of states. The calculations
pared from a hydrocarbon plasma, as is the case for the clagrere performed for various model structures of amorphous
sical parallel-plane ratio-frequenc§RF) plasma and the carbon that were obtained via a molecular-dynamics ap-
more recent technique of RF plasma beam depositibme  proach described below. This procedure is first tested using
amount of bonded hydrogen is certainly one parametethe two crystalline modifications of carbon, diamond, and
which influences the structure and the electronic propertiegraphite.
of the various forms of amorphous carbon. The analysis of the valence-band spectra is augmented by
The amorphous carbon material best analyzed to data ibat of the loss structure following the G Tore line and by
that deposited from an RF plasma of methane. Its atomia brief discussion of the Cslcore line itself.
arrangement, expressed by the radial distribution function, After the experimental part described in the next section,
has been probed by electfoand neutron diffraction® and  the results obtained are presented and discussed in three
the microscopic density was obtained from the plasmon enmain parts. We first present the G fthotoelectron loss spec-
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tra in Sec. Il before turning to the valence bands in Sec. IV. TABLE I. Structural parameters of the three amorphous carbon
The trends observed in the valence bands together with thes@mples as determined experimentalipper part and as used as
calculated densities of states are complemented in Sec. V b'gput_ parameters in, or resulting from, the molecular-dynamics cal-
the shape of the Cslline measured in high resolution. The culation(lower pan.

conclusions for the amorphous carbon bonding are summa-

rized in Sec. VI. ta-C ta-C:H a-C:H
[H] (at. % 0 252 40°
plgem?)° 2.68 2.20 1.70
Il. EXPERIMENT p (gcm3) ¢ 2.75 2.7
3 3 f
A. Sample preparation [sp’)/([sP’]+[sP]) 0.65° 0.65° 0.63
The basis of the present analysis are amorphous carbgy; (4t o 0 20 39
samples prepared in fundamentally different deposition SYS; (g cm™3) 30 30 29
tems. The radio-frequency plasma decomposition of hydrldeﬁspg]/([sp;g]_i_[spz]) 61 67 29

is the conventional technique for the deposition of amor-
phous semiconductors, while the two other techniques ar@rom 1N method(Refs. 25 and 24

especialy developed to produce relatively hard amorphousestimated from IR absorption and comparison with literature data
carbon films with low content o§p? bonding. As the pur- (Refs. 2 and B

pose of the present study is to compare films made by theserom plasmon energies of the @ photoelectron loss specttthis
three different techniques—rather than to discuss variationsvork).

within a particular techniqgue—the films were made underFrom high-energy transmission EELS t&-C (Refs. 18 and 19
typical conditions that produce the “best” film for each andta-C:H (Refs. 25 and 24

deposition method as regards high hardness and mass defromK-edge EELSRefs. 25 and 18

sity. The crystalline samples were highly oriented pyrolytic'From UPS valence-band spectRef. 16 and see text.

graphite(HOPG), and a type-1IB natural diamond heated up ) ,
to 800 °Cin vacuo which were deposited from 50-eV ions &&-C. Structural

The samples labelea-C:H in the following were depos- properties of all threea-C modifications are gathered in
ited from methane in a capacitively coupled parallel-plate rrrable 1.
plasma chemical-vapor-depositig€VD) system at a flow
rate of 3 sccm and a pressure of 0.10 mbar. The sample
substrate was placed on the powered electrode which at- The core and valence-band photoemissiBit) spectra
tained a self-bias of 200 V under the deposition conditions. Were measured using monochromatized i, radiation
Deposition was performed nominally at room temperature(nv=1486.6 eV at a pass energy of 25 eV, resulting in an

but the substrate electrode was not actively cooled. Th&XPerimental resolution of 0.5 eV. Calibration of the binding
nergy axis to the Fermi level was performed by measuring

deposition mechanism is mainly due to radical reactions & ; . ; i
the Fermi edge of a gold sample under an identical setting of

the growth surface under the ion bombardment affected b h Th hi le which I qi
the self-bias. Only this provides a suppression of polymer- € spectrometer. The graphite sample which was cleaved in
he preparation chamber under a flow of dry nitrogen and the

ization and a cross linking of the amorphous network and

thus enhances the density and the hardness of the growi ;C:H specimen which .C.OUId be transferred under ultrahigh
film. The a-C:H samples so obtained have a rather low mas cuum from the deposition system into the PE spectrometer

density of around 2 g cm?, a hydrogen content of typically showed no sign of contamination. The other samples which
40 at. %, and are morep? ’thanspz bonded? were prepare@x situexhibit an oxygen-containing surface
A diﬁérent growth regime is obtained When the Substra,[econtamination. It was measured as a few atomic percent from
is removed from direct contact with the plasma and th the O 1s/C 1s intensity ratio. The oxygen is, however, not
amorphous carbon is solely deposited from C- an ound to carbon since no chemically shifted €cbmponent
H-containing ions such as &l,* of well-defined energy was detected. The Op2signal did, nevertheless, interfere
This so-called plasma beam zdeposifiqrields specimené with the valence-band spectra as indicated by the feature
with low hydrogen content25 at. %, high density, and a ground 26-eV binding energy in Fig. 1. Since the _@riéak .
high fraction (~70%) of sp>-coordinated carbon atoms, just scaled_wnh the superficial oxygen concentration and did
which in turn are responsible for the considerable hardnes'gOt otherW|s_e affec.t th? rem"’%‘”d.ef of t_he _spectra, we cor-
of up to 61 GPa of this materidlThe samples investigated rected fpr this contribution as |nd_|cat_ed in Fig. 1 ra'gher than
here were deposited with an ion energy of 104 eV per C;agemptmg to remove the contamination through Ar-ion bom-

B. Photoelectron spectroscopy

atom from an acetylene plasma and they are referred to rdment, which would have affected the atomic structure of

tetrahedral hydrogenated amorphous carboa-G:H) in the surface Iayerf:%O A probeq by XPS. The O;Qelec-'
what follows. trons at~6-eV binding energy give no measurable contribu-

A modification of amorphous carbon that comes in itstion to the spectra because their cross section is 7.3 times

: : "3 smaller??
properties such as densit{8.0 gcm °) and hardness
(60—65 GPa(Ref. 17 closest to diamond is hydrogen-free
ta-C¥® 21 |t is deposited from an energy-selected @n
beam which is extracted from an arc plasma burning towards The C Is line at ~285-eV binding energy is followed by
a high purity graphite target. We shall refer to these samplea structured background of electrons extending towards

Ill. CORE-LEVEL LOSS SPECTRA
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FIG. 1. X-ray photoelectrofiXP) spectra of the valence bands
of all three amorphous carbon modifications. For comparison, the
two crystalline modifications in the form of HOPG and diamond,
(112) surface, are shown. The raw data carry an inelastic tail which
can be fitted via the loss function derived from the £€photoelec-
tron energy-loss spectf@xamplary shown foa-C:H). For the fur-
ther analysis of the spectf&igs. 5a) and 7a)] the inelastic back-
ground and the contribution of the G 2lectrons around 26 eV due o
to oxygen contaminants were subtracted as indicated. Binding Energy (eV)
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higher binding(lower kinetic) energies(see Fig. 2 The FIG. 2. C 1Is photoelectron energy-loss spectra for all carbon
so-called loss spectrum corresponds to £photoelectrons samples investigated. Diamond has its maximum at the highest loss
which have suffered energy losses on the way from theienergy; it also bears a surface plasm@) @t a reduced energy.
point of creation to the sample surface and it is thus characGraphite and, less pronounced, the three amorphous samples reveal
teristic for the sample under investigation. Because the maiflso the characteristier plasmons as discussed in the text. For
loss mechanism for high-energy electrons is the creation od-C:H also the decor?vol.ution procedure to extract the loss function
bulk plasmons, the enerdyw ., of the maximum in the loss from the spectra is |IIu.str.ated by the partial Iqss spectra
spectrum is commonly identified with the plasmon energy>:: - - - Ss- Since the elastic ling(E) is almost & function with

fiw,. Under the further assumption thiaw, is related to the ~ 'eSPSCt to the structures of the loss spectrSAE) is to a very
valence electron density, as in a free-electron metal, good approximation indentical to the loss functiGRAE).

w5= w5 ,=Nee?/(Mey), the mass density of the sample can
be calculated front w4 and the known number of valence
electrons per atom. This is, however, incorrect because ne
ther form of carbon is a free-electron metal nor dées;,,y
correspond to the plasmon energy. This is because electrons N "

can suffer multiple losses and the loss spect'$(E) is a Si1(E)=—2 f G(hw)S(Et+fiw)diw, (3
superposition of partial loss spectsgE), NetApJo

statistics and after integration over the exponential excitation
orofile of the photoelectrons with a decay constepta re-
ursion formula for thes; results,

o with So(E) the primary spectrum of electrons as a function
S(E)=> S(E), (1)  of kinetic energyE.”® Equation(3) just expresses the fact
i=1 that each partial loss spectrum results from its predecessor by
convolution of the latter with the functio®(% w). The fac-
tor Np/(Aet+Ap) <1 expresses the geometrically decreasing
probability of electrons to escape from the sample with each
scattering event. The loss function {lml/e(w)} was pa-
rametrized by a superposition of two asymmetrical Lorentz-
ians, one centered &tw, corresponding to the bulk plasmon
o around 26 eV, and the other to the so-calteghlasmon at 6
Ghw)= Im{—l/s(ﬁw)}/f Im{—1/e(ho)}dio, eV. We made the additional provision that the relative ampli-
0 tude of S;/S; was enhanced by a factarover the ratio
2) Np/(Ap+A¢) to account for intrinsic plasmon creatforand
\. is the inelastic scattering length, aa@#% w) is the com- found t=1.2 for diamond andt=1.7+0.1 for all other
plex dielectric function of the material. For a homogeneoussamples. A reasonable fit of the total loss spectra could be
material the probability of multiple losses obeys Poisson’'sobtained as demonstrated in Fig. 2 for the case-@:H.

whereS§; is the kinetic-energy distribution of photoelectrons
that have suffered losses before leaving the solid. The dif-
ferential inelastic scattering probabilifger unit path length
for an energy losshw is given by AglG(ﬁw), where
G(% w) is the normalized loss function,
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From the best parametrization of the loss function its charperfect, hydrogen-saturated crystalling13i) surfaces, we
acteristic peak energy was obtained directly. As can be seemever saw a comparably strong surface plasmon as in dia-
in Fig. 2, hw, differs by ~2 eV fromiw,, in a-C:H and  mond. The identification of the diamond loss structure at 23
the differences in the other samples are comparable. eV as the surface plasmon of diamond follows the conven-
The difference betweertw, and the equivalent free- tional interpretatiori’ but is only based on the ratio of
electron plasmon energyw, , amounts to 3.3 eV in dia- wp/wg =1.47~2 which could, of course, be also coinci-
mond (: w,=34.5 eV w, ,=31.2 e\) and 1 eV in graphite dental andS’ be rather due to specific interband transitions
(hw,=26.0 eVifiw, 0:25'.0 eVJ. Using these two elements in diamond. Considering the rather poor quality of polished
as standards we have determined the electron and thus ald{2mond surfaceS, this might even be the more likely inter-
the mass densities of the other carbon modifications by inPretation. The possibility of surface plasmons at semiconduc-
terpolating on the lineak w, vs n2 curve defined by graphite E)cl)‘rtshliz st;l 2? open question; however, it is beyond the scope
and diamond. The results are gathered in Table I. Finaﬁypwé used the differential scattering probabilit
For the hydrogen-containing carbon modifications th ' gp y

€ -1 - .
contribution of the H atomgone valence electrgrio the A "G(E) as obtained from afit to the Cslcore-level losses

electron density has to be taken int nt when conv r{/o correct for the inelastic contribution to the respective
Y 0 be take 0 accou €n Convery, ence-band spectra as indiated &€C:H in Fig. 1. The

Ing Ne to mass d(gnsity. W? have done SOO using a hydroge,itiple convolution method to obtain the total spectrum of
content of 25 at. % fota-C:H and 40 at. % for-C:H. De-  jnejastic electron§(E) via the recursion formula of Eq3)

spite a rather large uncertainly in these concentrationg; mathematically equivalent to an integral equation,
(~*20%) the uncertainty ip derived therefrom is negli-

gible due to the small mass ratio of H to C. Ra-C and A Eg

ta-C:H which were prepareex sity the plasmon energy did S(Eg) =y +p}\ j {(1-1S(E")

not seem to be a purely intrinsic property of the samples but poelm

was instead found to be decreasing with increasing oxygen +tI(E")}G(Eg—E')dE’, 4)

contamination of the surface. The reason for this correlation
is unclear so far. It appears, however, that oxygen contamwhere I(Eg) is the experimentally observed spectrum of
nation does affect the loss spectrum. The densities extractetlasticand inelastic electrons. Hereis again the enhance-
for the least contaminated samples whose loss spectra ameent factor for the first plasmon loss, which accounts for the
shown in Fig. 2 serve therefore as lower limits. Transmissiorintrinsic plasmons. Althougl4) is an implicit equation for
EELS which does not suffer from surface contamination ha$3(Eg), it can be numerically integrated starting from the
been performed ona-C andta-C:H samples deposited un- low-binding-energy end of the spectrum whe®¢Eg) is
der identical conditions as the samples we investigated. Thhown to be zero. We used E) with the very same pa-
mass densities obtained from those experiments are algameters as obtained from the G losses and just had to
shown in Table I. allow a variation oft within 10% [to let S(Eg) merge
Also listed in Table | are the hydrogen conteht*and  smoothly withl (Eg) at high binding energids
the fraction of C atoms that asp® hybridized. The values

of 70% for this fraction inta-C andta-C:H were obtained IV. VALENCE BANDS AND DENSITIES OF STATES
from the ratio of C 5—o¢* to C 1s—=* transitions in ] i
high-energy EELS spect&?°A relativesp® content of 62% A. Molecular-dynamics calculation

has been estimated farC:H sample from an analysis of the In this subsection we give a brief descripton of the
ultraviolet  photoemission  spectroscopy  valence-bangnolecular-dynamic$MD) method used to model the amor-
spectra® In that analysis the contribution of the Hs®lec-  phous carbon structures theoretically. Details of the tech-
trons to the spectrum was neglected. Taking this contributiomique have already been published elsewtferé and are
into account reduces thep® content to 5696° not the subject of this paper.

Besides the main peak in the loss functions of Fig. 2, @ Within the Born-Oppenheimer approximation, the inter-
second structure at 6 eV is visible which is usually ascribechtomic forces are calculated in an MD density-functional ap-
to the 7 electrons of the material. The presence of this strucproach. Simulated annealing, based on an accurate calcula-
ture is thus a clear indiation afp?-bonded C atoms in a tion of the total structure energy as a function of all atom
graphitic environment or of double bonds. It is, however, notcoordinates, requires Newton’s equation of motion for all
possible to derive thep® fraction from the ratio ofr to  atoms arranged in a three-dimensional periodic supercell
(o+m) plasmons for reasons that have been discussed atructure to be solved and then integrated numerically. The
length by Taft and Philipff and by Danielet al?® It should  procedure should ultimately lead to a stable minimal-energy
be noted that the crystalline diamond surface is the only oneonfiguration.
which shows a loss feature compatible with a surface plas- As a starting point the effective one-electron potentials
mon. Those surface plasmons are expected g2aimes  are calcualted together with the electronic wave functions for
smaller loss energy than the corresponding bulk plasmona single atom in the local-density approximati¢nDA ).
and they occur only at perfectly clean and sufficiently flatThese wave functions can be used as a minimal basis for the
surfaces® We never observed a surface plasmon by photot CAO (linear combination of atomic orbitalsnsatz for ex-
electron energy-loss spectroscopy on an amorphous semicgpanding the Kohn-Sham orbitals, which then transforms the
ductor sample, either im@-Si:H or any amorphous silicon Kohn-Sham equations into a set of algebraic equations. Di-
alloy, or in any form of amorphous carbon. Even on the mostgonalization leads to the cluster orbital eigenenergies and
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eigenfunctions. The cohesive energy of the structure can thgried density of states. In crystalline materials the DOS is
be written as the sum of two parts, governed by pronounced structures related to van Hove sin-
gularities in the underlying band structure and its suffices

_ _ usually to compare the energies of these structures in theory

Emt_; nisi({Rl)}+2i <Ek ViedtRi=RoL - O and experiment. In amorphous materials the concept of van

Hove singularities loses its meaning and structures in the
DOS are usually somewhat more poorly defined than in crys-
) i . talline materials. This means that any comparison between
atomic  electron-electron _ interaction through the  self-y o4y and experiment requires that they be treated in such a
consistent LDA calculation. The second tefi,, represents  ay that their results resemble each other as closely as pos-

a short-range repulsive energy from core-core and electrongo

electron interactions at different lattice sites. For computing 1o main differences between an XPS valence-band spec-
time reasons a fitted potential curve is used for the |3tter. trum and a DOS ardi) the photoemission cross section
Fi_nally, the interatomic forces can be calculated fron_1 thewhich may vary throughout the DOS on account of the dilé-
gradients of the total energy at all atom siteSitgrant atomic origin contributing to the DOS, afii) the
Fi=—0E/dR,. The equations of motion can then D€ ;naqinary part of the hole self-energy or equivalently the
solved by numerical integration. The simulated annealing,,5qening of spectral features due to the finite lifetime of
starts with an equilibration of a random hard-sphere gas ghe pole left behind after the photoexcitation process. The
8000 to 10000 K for 10™ sec using a time step of p i of the corresponding real part, the relaxation energy, is
8x10°™ sec forta-C and 2<10° ™ sec forta-C:H and  ytomatically taken into account by referring experiment and
a-C:H, after which the structure is quenched at a cooling rat‘?heory to a common reference energy, the Fermi I&eln
of 10'® K/sec, followed by a final equilibration of the struc- 4, case. ’
ture at room temperautre for 18 sec. The structures were  The spectral dependence of the lifetime broadening and
generated for a fixed hydrogen content and a given masge gpecific atomic photoelectron cross sectionssfand p
density in a periodicaly arranged supercell containing 128;,teqsee belowshould be the same for both crystalline and
carbon atoms plus the relevant number of hydrogen atomgmorphous mainfestations of solid carbon. Consequently, we
Once the physical structure with its atom positions is solvedyj| getermine both contributions by adjusting the densities
the electronic density of states is known as well and they states of diamond and graphite to their respective XPS
partial densities of statt_as have been calpulated. The bangience-band spectra. In doing so we assume that the values
structures and DOS of diamond and graphite were calculate e jifetime broadening and the photoemission cross sec-

using the recursion method within the same LCAOsion can be carried over to the DOS of the amorphous modi-
schemé’ whereas the DOS of the amorphous systems Werqations.

obtained by means of a Gaussian smoothing of the eigen- The photoemission cross section that varies throughout
value spectrum at th& point of the Brillouin zone of the the valence bands is taken into account by separating the
super cell. The densities and hydrogen concentrations th§gs into their C 3. C 2p, and H Is components in the
were used to model the fowa-C modifications to be dis-  form of partial densities of state®DO9 and multiplying
cussed here are given in Table |, as are the resulliBy  each by its proper photoemission cross sectioms a first
ratios. . approximation, the corresponding free atom cross sections as
The value that resulted from the molecular-dynamics.g|culated by Scofiefli and Yel? have been used.
calculation (39%) is still considerably lower, which is  The comparison of the XPS spectra of graphite with the
not sufficiently explained with the slightly higher density parig| density of states, however, revealed that for a good fit
(2.0 g cm™* instead of 1.7 g cm”) used as an input param- g gifference in photoelectron cross section of a factor of 2
eter. It rather appears that for the low-density materiak,5q also to be assumed between thepCobbitals participat-
a-C:H the simulated annealing cannot model the depositiom1gl in o bonds and those forming: bonds. Consequently.
process as well as it does for the two ion-beam-deposited 15 ¢ 25 c 2p,., and C 2. partial densities of stateé
materials. This is due to MD not taking into account chemi-yere evaluated for all structures and weighted with the ap-

cal effects, which are important when using CHadicals of  propriate photoelectron cross sections in order to fit the XPS
relatively low energy. However, although the model to beyglence-band spectr(E):

discussed here yielded somewhat different structural proper-
ties for thea-C:H sample as compared to the experimental

where the first term is the summation over all cluster orbital
energiese; with occupationn; taking into account the intra-

values, the characteristic differences in the electronic density H(B)*ocasDeas(B) +oczp, Dezp (B)

of states as compared to the tetrahedrally coordintae@

andta-C:H samples are described surprisingly webe Sec. +0cop Dep (E)+0H1sDhas(E). (6)
IV C). 2O

For the cross-section ratioCZS/aczpa for x-ray photo-

emission withziw=1486.6 eV, Gelius obtained a value of
As mentioned earlier, the aim of the present study is tol3° This value is based on a spectrum of methane using
compare the electronic structure of differesC modifica- gross atomic populations obtained fran initio calculations
tions with the results of molecular-dynamics calculations.with 2p polarization functions on the hydrogen atoms. We
The electronic structures are determined through XP3ound this experimentally based cross section more realistic
valence-band spectra which are closely related to the occuhan the theoretical value of 32 calculated by Scofretthd

B. Fitting to XPS: Matrix elements and lifetime
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Yeh?? a discrepancy of a more systematic nature for some Lorentzian lifetime broadening ®f,=#/7 width that con-
elements as noted by Scofield. The €Wave function with  tributes to the spectral function measured in photoemission.
its one node varies more rapidly compared with the nodelesalso the photoelectron contributes in principle to the total
C 2p function and hence has a stronger cross section. Thifetime broadening of photoemission resonances due to in-
same argument but even more pronounced is valid for Helastic scattering on its way to the surface. This contribution,
1s that we have to deal with in hydrogenated amorphousowever, is negligible in the XPS reigme of high excitation
carbon. The calculated value for atomic hydrojéf is  energy’’ The leading machanism responsible fBbrin a
o(C2s)/a(H1s)=240. This means that hydrogen is practi- semiconductor is the pair production across the gap as dis-
cally invisible in XPS and the hydrogen-derived partial den-cussed by Kané For a constant Coulomb interaction matrix
sity of states cannot be judged. element the hole scattering rdfeis determined by the den-

The second correction that has to be applied to the thecsities of final and initial states for the three quasiparticles
retical DOS is the lifetime broadening of the hole state. Forinvolved: the initial hole at energfe, the second hole at
the true many-electron system, the hole state is not a statioenergyE,, and the electron &5, which are created in the
ary state. It decays with a finite lifetimewhich gives rise to  scattering process:

E
J Y D(E,)D(E3)D(Es+E,—E)dE;}dE,, 7
Ey—(E;—E—Ey)

rh(E):ﬁAFV [

E+Eq

whereE is the initial state hole energ§, is the energy of energy of 10 eV and prefactor of 0.025 eVin Eq. (9) gave

the valence-band maximuitvBM), E4 is the gap energy, the best overall agreement. No constant contribution is re-
D(E) is the one-electron density of states, akds propor- quired. This difference between the amorphous and crystal-
tional to an average matrix element of the Coulomb interacline structures might be due to the different methods by
tion between the quasiparticles. Since we are interested in a
variation of the lifetime broadening over the complete va-
lence band, the density of states can be approximated with 25 20 15 10 5 0
sufficient accuracy by step functions for the valence and con- AARSERRRRLERRALERERLRMMELA
duction bands,

Energy below VBM (eV)

Integration of Eq.(8) is then readily performed giving

Density of States

I'h(Eg)*(Eg—Evem—Eg)?’@(Eg—Evgu—Eg), (9

i.e., I';, increases quadratically with binding energy above a
threshold equal to the gap energy relative to the VBM.

For diamond[Fig. 3(b)] with E;=5.5 eV we expect the
threshold energy to be approximately 6.5 eV if referenced to
Er. In practice we found that placing the origin of the pa-
rabola slightly higher at 10-eV binding energy gives the best
agreement between XPS and the DOS. We thus convoluted
the calculated DOS with a Lorentzian with width=0.035
eV 1(Eg—10 eV)’+1.0 eV. From the work of Kane we
extrapolate a hole lifetime broadening-efl eV at an energy
10 eV belowE,,. The quadratic term in our fit reaches 1 eV
at 12.6 eV belovE,, . However, in addition to that, we found
that an additional constant broadening of 1.0 eV is needed
that cannot be explained by primary hole scattering. The rea-
son for this additional contribution to the broadening is not Binding Energy (eV)
yet understood.
~ For graphite, which is a semimetal due to thestates, we FIG. 3. (a) Calculated partial and total densities of states for
interestingly found that apart from a constant scattering tefMiamond and(b) corresponding fit to the XP spectrum with the
of 0.5 eV, the same threshold energy is required to calculatgarameters listed in the figure. The position of thg, and L,

I in order to give the best agreement with the data. Thisnaxima from(a) are marked also in the simulation (b) as well as
observation points to a considerably lower scattering rate fofhe corresponding features in the XP spectrum. Note that the lower
holes into states within ther band as compared to states energy scale is referred to the Fermi level, in contrast to the values
within the o band. For amorphous carbon, a fixed thresholdn Table II.

r =1.0eV + 0.035eV-1x (EB—10eV)2

Lorentz
AExp—1.OeV, o - 13:1

c2s” %c

Photoemission Intensity
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TABLE Il. Theoretical and experimental band-structure data of diamond. Energies are referred to the
valence-band maximum. The data of Fahy, Louie, and CéReh 43 and Salehpour and SatpattRef. 49
were extracted from density of states plots; all other theoretical data were found tabulated in the correspond-
ing references with the exception Bf,;,, which was in all cases taken from band-structure plots.

F:,L Lé Ll 2min x4 Lé
Theory
Zunger and FreemafiRef. 39 20.44 15.17 12.18 6.09 2.82
Bachelet (Ref. 40 21.68 15.79 13.73 8.4 6.43 2.86
Chelikowsky and LouigRef. 4] 21.03 15.29 13.09 9.3 6.27 2.82
Huang and ChindRef. 42 22.26 16.42 13.57 9.9 7.9 3.7
Fahy, Louie, and Cohe(Ref. 43 21.7 15.7 11.3 8.1 6.0 3.3
Salehpour and SatpattiiRef. 49 215 155 11.2 8.7 6.1 3.1
This work 19.8 15.1 11.1 7.4 6.6 4.3
Experiment
Himpsef (Ref. 49 211 15.2 12.8
This work 15.2+0.2 11.2-0.2

#Hamann-Schlter-Chiang pseudopotential calculation with a basis of local orbitals. The same calculation
with a plane-wave basis gives identical results within 0.25 eV.
®From angular integrated photoemission.

which the DOS were extracted from the calculations. Whilewith theoretiaf®=** and experiment4t results from the lit-

for the amorphous structures the eigenvalue spectrum at therature.

I' point of the Brillouin zone was explicity used and In Fig. 4@ the calculated partial densities of states for
smoothed by a Gaussian, the DOS for diamond and graphitgraphite are shown in a similar manner as in Figg) 3or
were obtained by the recursion methdAlthough this  diamond. Since we are interested mainly in thgype den-
method also contains an implicit smoothing, the structuresity of states we restrict ourselves to a two-dimensional cal-
might nevertheless come out sharpter than in the case of thaulation and neglect interlayer interaction. Again the promi-
Gaussian smoothing of the eigenvalue spectrum.

In Fig. 3(a) the partials andp as well as the total valence-
band densities of states for diamond are shown as calculated
by the same LCAO formalism used for the amorphous struc-
tures. van Hove singularities are labeled with the critical
points in the band structure with which they are associated.
In Fig. 3(b) we show a simulation of the XP spectruin-
elastic background subtracjedbtained on the basis of this
calculation. The partial densities of states were broadened in
the way described in the last section and weighted with their
respective photoemission cross sections. The agreement in
peak positions and relative intensities of the various peaks is '
rather good considering the severe approximations that were =050V +0.0256V- x (E_-106V)? b
necessary for the evaluation of the photoemission cross sec- A:":“mev, %z;%z,,;“cz,j”‘“ 05 )
tion.

TheL, andLj maxima in the DOS are clearly resolved in
the XP spectra with peak positions deviating by less than 0.3
eV from the values predicted by the calculation. We take this
as an indication that the lowest two valence bands which
essentially form the partial density of states that dominates
the XP spectra are fairly accurately reproduced by our calcu-
lation. Note that the amplitude of the peak at 13.7 eV is
approximately the same d&sr in the experimental spectrum
even slightly larger thanthat of the peak at 17.8 eV due to
the large amplitude of thé; maximum in the DOgFig. Binding Energy (eV)

3(@] TheX iy, X4, andL; maxima are weaker due to the [, 4. (a) Calculated partial and total DOS for graphite dbil
predominantp character of the wave functions and are notcorresponding fit to the XP spectrum with parameters listed in the
resolved in the XP spectrum. Instead, a broad shoulder tfgure. The positions of th@{;, P3 , Q3,, andQ,, maxima of(b)
lower binding energies appears at about 10 eV. along with the corresponding features in the XP spectrum. In con-

The critical point energies of diamond derived from thetrast to diamond the calculation tends to overestimate the binding
XPS analysis and our calculation are comapred in Table Ienergies of thes andp,, band. For details see text.

a)

Graphite Q +

Density of States

Photoemission Intensity
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TABLE lll. Theoretical and experimental band-structure data for graphite. When two bands were split at
a certain point within the Brillouin zone we took the average value if they corresponded to a single peak in
the DOS Ql*g , Q3,) and the appropriate extreme value in case of a band extrerﬁ@gnl(z’u). Energies are
referred to the valence-band maximum, which in graphite is identical to the Fermi level. With the exception
of Refs. 46 and 52 all theoretical data were extracted from band-structure plots.

Ny Qb PIQW Q% Ta Ty
Theory

Willis, Fitton, and PaintefRef. 49 22.0 15.4 (13.5 8.0 80 4.9 2.0
Zunger(Ref. 49 21.2 16.0 (13.9) 7.0 6.0 3.0 1.9
Samuelson and Bati@ef. 47 215 16.5 15.216.0 9.7 80 64 23
Tatar and Rabi{Ref. 50 19.3 14.7 13.513.9 7.2 79 4.1 2.3
Holzwarttf (Ref. 51) 20.8 151 14.q14.7 7.2 91 34 27
Holzwartt? (Ref. 53 215 16.1 14.214.7 7.6 86 4.2 3.1
Jansen and Freem&Ref. 52 19.6 87 4.6
Charlier, Gonze, and Michenaud

(Ref. 48 20.0 14.7 12.913.7 6.8 90 36 28
This work 21.7 17.0 (15.5 10.7 82 6.9 29

Experiment

McFeelyet al’ (Ref. 53 18+1 13.8 8.1
Bianconi, Hagstrom, and Bachrdch

(Ref. 59 225 (13.9 8 5.7 3.0
McGoverri (Ref. 55 20.6 81 4.6 2.9
Law, Barry, and Hughé’s(Ref. 56 8.0 8.5 55 2.8
This work 16.5-0.5 14.0-0.5 9.0:0.5 3.0

#Hedin-Lundqvist exchange-correlation approximation.
bSlater approximation.

°From angular integrated photoemission.

9From angular resolved photoemission.

nent peaks are labeled with the critical points in the bandorresponds to ou®;, peak to be rather associated to the
structure they are associated with, following the notation ofk point than toM. Thus it would correspond t@sf in the
Zunger® The 7 band exhibits a sharp maximum at 3-eV yq_dimensional notation and not @;,,. The reason for this
binding energy_and_ overlaps betwee_n 6.8 e_md 8.3 eV with thaiscrepancy between the two- and three-dimensional calcu-
o bzinds rgsultltng mkq s?ﬁorgjorgaﬁn;gr? |rl/that range'dTht?ations is unclear so far. In the summary of literature data in
mc+)s brominent peak in the al 29.1 eV COmesponds 1qpe 11 we have therefore listed both critical points in the
Qyq- All these features are predominantly pitype charac- vicinity of 14 eV, i.e., Qf, and P , the difference being

ter and only the last two peak®;,, andQy, appear clearly in however 0.9 eV at m,os%u 3 ’

the s-type partial DOS and are therefore expected to domi- A major difference compared to diamond is seen at the

nate the XPS spectrum. In more recent calculations, in WhiChottom of the valence band and is due to the two-
the interlayer interaction has been included, the band stru i ional ch ¢ f hite: the DOS d t
ture is presented in the three-dimensional Brillouin zone imensional character ol grapnite. the ends 4

(BZ). For a comparison with two-dimensional calculations, ~22-€V binding energy with a discontinuity, whereas for
one should note that the critical poiritsandM of the three- ~ diamond a smooth decrease of the DOS is observed. This

dimensional BZ are projected both on®@ in the two- characteristic difference between both materials is indeed

dimensional case arid andH onto P. Since the dispersion /SO reflected in the XP spectra. The spectrum of graphite
of the valence bands is negligible along thaxis (except for ~ €nds with a much sharper cutoff at high binding energies as
the 7 band, we used the band energies Kfand M for a compared to diamond. The quantitative comparison between
comparison with our results. Whereas the identification ofc@lculation and experiment, however, reveals considerably
the DOS peak at about 15 eV &), in the two-dimensional larger deviations compared to diamond. The two main fea-
calculations is unambiguous, things get more complicated ifres in thes-type partial DOS at 17.0 and 15.5 eV corre-
the three-dimensional case. We did not find any explicit assponding toQj; and Qj,, respectively, are measured at
signment of a corresponding DOS peak to a critical pointl6.5£0.5 eV and 13.6:0.5 eV, respectively. The main peak
(neither toM which would be consistent witQ nor toK) in in the p band corresponds to a shoulder in the XP spectrum
the literature. The only publications which contain three-at 9.0-0.5 eV.

dimensional band structuesd DOS plots are by Samuelson  In Table 1l we have complied our results for graphite
and Batrd’ and by Charlier, Gonze, and Michenalidan  along with more recent literature data from thé8ry? and
analysis of their plots identifies their DOS maximum which experiment®~® Our calculated positions fo®;, and Q3
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FIG. 5. (a) Partial and total DOS for tetrahedral amorphous  FIG. 6. (a) Partial and total DOS for amorphous hydrogenated
carbon as obtained by simulated annealing molecular-dynamics catarbon as obtained by simulated annealing MD. The hydrogen con-
culation. The density of 3.0 g ciif was used as an input parameter; tent of 20 at. % was in this case used as an additional input param-
the resulting structure had @p® content of 61%(b) XP spectrum  eter to the mass density; @p® content of 67% resultedb) XP
(background correctgaf ata-C sample and fit to the partial DOS spectrum of aa-C:H sample and fit to the partial DOS analogous
of (a). Characteristic features of the DOS which are reidentified into Fig. 5b).
the XP spectrum are marked by bars. For details see text.

Summarizing the results for graphite and diamond we
conclude that our treatment of the DOS yields spectra which

L Are in virtually perfect agreement with the measured XPS
7.5 eV, moreover, probably means that tadand minimum valence bands if one allows for an adjustment of the theo-

(1“+2u) Is very close to or even at a higher binding energy thafgiica| band energies. In this sense we expect a meaningful
Q24 Thus the separate peak at 7.5 eV in Fi@) 4s artificial  comparison between theory and experiment for the amor-
probably as a consequence of the neglect of interlayer intehous carbon modification as well. Naturally, the emphasis
action which broadens the band. This interpretation is sup- ill be on thes parts of the PDOS due to their high photo-

7 band, finally, is fairly well reproduced with respect to its

peak position at 3.0 eV. However, also in this case its sepa-
ration from theo bands is much more pronounced than in
the XP spectrum. Obviously, the energy difference between In this section we will discuss the XP spectra of the three
Fgfg and Q,, (4.0 eV) is overestimated by the calculation, different amorphous carbon modifications in the same way as
which is again confirmed by the literature data (0229 eV~ was done for diamond and graphite. Although we are con-
with the exception of Ref. 49 at 4.1 eV, see Table.lll scious of the fact that the sharp DOS features of a crystalline
It should be mentioned that the DOS calculation of graph-material are, strictly speaking, due to van Hove singularities
ite has meanwhile been improved using a modified set ofind thus rely on the periodicity of the atomic lattice, we will
parameters so that the DOS features are now in accordanoevertheless show a number of striking similarities between
with the literature data of Table Il within the scatter of the the amorphous and the two crystalline materials investigated
data. Since we are mainly interested, however, in relativavhich demonstrate that nearest-neighbor or at least medium-
differences beween the three amorphous structures and inrange order in an amorphous material can still be sufficient
comparison of their density of states with that of graphiteto produce some of the characteristic features of the corre-
and diamond, we did not repeat the MD simulation of thesponding single-crystal DOS. We will demonstrate that the
structures with the new parameter set which gives the betteXP spectra significantly show the transition from an
results for graphite. In the spirit of our analysis it is only sp*-coordinated tetrahedral amorphous network in the case
important to use the same calculation scheme for both amopf ta-C to a structure with predominasi? bonding in the
phous and crystalline structures which was, of course, guacase ofa-C:H, the classical so-called “diamondlike” amor-
anteed. phous carbon. Figures 5 to 7 show the partial densities of

deviate from the literature data by about 2 eV ande@};J by
approximately 1 eV. The absence of the shoulder predicted

C. Results and discussion
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states as obtained by the molecular-dynamics calculation arglmulation also shows a shift of boBy, by 1.9 eV andS, by
the simulated valence-band spectra farC, ta-C:H, and 1.2 eV to higher binding energies. Although the experiment
a-C:H. The experimental results fan-C andta-C:H are  seems to confirm the shift &, the contribution predicted as
very similar but clearly different from those @-C:H. The P, at 15.5 eV is missing in the XP spectrum.
spectral featuers fam-C:H are just slightly broader than for ~ As discussed in the last section for the case of graphite,
ta-C; the overall signature of the XP spectrum is, howeverOUr calculation tends to overestimate the binding energies in
identical. For a systematic discussion we will use the partialn€ ¢ bands ofsp?-bonded material. We believe the same
DOS in Figs. 5-7) to identify those spectral features which tendency holds for the DOS of the amorphous carbon. The
are also resolved in the experiment. Starting W#kC and  (rué position ofP, is thus more likely at a binding energy
ta-C:H [Figs. 5a) and a)], we have marked two peaks at lower than 15.5 e\Fig. 7(a)] and it will ther_efqre conFrlbute
20.2 and 17.1 eVS, and S,, respectively, indicating pre- to the broad shoulder around 13 eV as indicated in the XP
1

. - spectrum[Fig. 7(b)]. Finally, we discuss th&, peak. It is
dominantlys-type character. Moreover, a distinct shoulder atbest resolved in the XP spectrumt@i-C:H at 10 eV and is
13.5 eV(in ta-C and slightly shifted to 14.0 eV ita-C:H) . : .

- . - somewhat broader in that 64-C at 9.5 eV. A corresponding
and one indicatefmore clearly in the DOS dfa-C:H in Fig. structure in the DO$Figs. 5a) and §a)] can be identified as
6(a)] at around 11 eV can be seen and are labelé®,aand 5 shoulder at around 10.5 eV. When goingat€:H it shifts
P>. Those four features are readily identified also in thejn the simulation as well as in the experiment to higher bind-
experimental XP spectridrigs. b) and qb)]. Thep, band  ing energies, i.e., to 12.4 eV, and merges Withat 13.0 eV
appears in the XP spectra as one broad shoulder around 7 gY'the XP spectrum. Although this tendency is very well re-
and is therefore just labeled. Finally, the highest occupied produced by the simulation we cannot identify corresponding
states are formed by the band which is—probably for the features foP, in the DOS of graphite or diamond. Due to its
same reasons as in the case of graphite—not resolved in thgyer binding energy as compared$p, S,, andP;, how-

XP spectra. Let us first consider peas and S, in more  ever, P, will be of predominantly C P character and thus
detail. From the structural analySiS of the calcuattadC and more sensitive to disorder due to the anisotropy of nhe
ta-C:H models, we would expect similarities to diamond orbitals. Transferring characteristic features in the DOS of
rather than graphite. Nevertheless, the sharp cutoff of the XBrystalline lattices to amorphous structures is certainly less
spectrum at the bottom of the valence bafféigs. §b) and  sijgnificant in this case.

6(b)] does resemble more that of graphite, which would in- ~Considering finally ther band, we note the same discrep-
dicate a considerable contribution &fp? hybridization  ancy between experiment and fit as already discussed for
within two-dimensional units. Those elements are, howevergraphite: while the calculation predicts a band C|ear|y sepa-
not found in a structural analysis of tha-C andta-C:H  rated from thes bands, the experiment does not show a re-
models. An alternative clue to the origin of the rather sharpsglved structure for ther band. The reason for this differ-
cutoff in the XP spectra at high binding energy is providedence lies probably in the same deficiencies of the calculation
by a theoretical investigation of the band structure of CUbiqhat have been discussed above for the case of graphite.
and hexagonal diamond by Salehpour and Satgétfijne In conclusion, thes-type density of states of amorphous
latter form of carbon, called lonsdaleite, has been found t@arbon which can be investigated by XPS proves to be sen-
occur in meteorite¥ and has also been synthesized usingsitive to the structural properties of the material. A transition
extreme conditions of pressure and temperattitensdale-  from tetrahedrally coordinateth-C andta-C:H to conven-

ite is also fully tetrahedrally coordinated but with dihedral tjignal a-C:H material with highesp? content is visible by a
angles of 0° and 60°, in contrast to cubic diamond where it igharacteristic XPS signature. An interesting feature in the
always 60°. The characteristic difference in theédand of  pQOS of tetrahedral amorphous carbon is a double peak in the
both materials is a splitting of thie, maximum of the DOS  s-type DOS at 17.1 and 20.2 eV, which is predicted by the
of cubic diamond into two peaks with a spacing of 2.5 eV incalculation and confirmed by the XP spectra. Band-structure
lonsdaleite’ It is possibly the relaxation of the dihedral calculations of cubic and hexagonal diamond point towards a
angle in the amorphous tetrahedral carbon modificationgelaxation of the dihedral angle in the amorphous material as
wich causes a similar splitting as seen in lonsdaleite and thug reason for the splitting of the band.

the appearance @&, andS,. This is so far, however, only a
working hypothesis and we have also found structures with
almost identical ratios of staggered to eclipsed dihedral con-

figurations which differ significantly with respect to tig- In Fig. 8 we present the Cslcore-level spectra of the
S, splitting. three amorphous samples and a single-crystal diamond. The
The second feature which confirms the structural similarposition of the peaks is influenced by differences in both the

ity of the ta-C andta-C:H samples with diamond is the C 1s jonization energy(“chemical shifts”) and the work

appearance of th®; peak in the spectra at 13.5 eV, which function because photoemission binding energies in solids
resembles thé; maximum of diamond. The suppression of are always measured relative to the Fermi level. Since both
this peak when going ta-C:H [Fig. 7(b)] is the most sensi- effects cannot be separated no interpretation of changes in
tive signature for the structural change of the network. Thispeak energies among different materials is possible without
suppression oP; relative toS, has its analogue in a similar having a reliable common reference level. Besides different
asymmetry of theQy, and Q;, maxima in graphite when peak positions, however, also a change in the line shape be-
compared to the approximate amplitudes of the van Hoveween the various samples is apparent. The diamond line is
singularities connected with;, and L, in diamond. The only about half as widg€0.75 eV FWHM as those of the

V. CORE-LEVEL ANALYSIS



7772 J. SCHAFER et al. 53

S o B o e e A B mat i o
MD calculation: 2.2 g/cm®, 39 at% H a)
-( 3
a-C:H| 39%sp P Cls
(73]
2
©
s
(7]
Ll
1)
= 2
@ ‘B
S C
8 9 Diamond
£
c
3 S
SR S e =
Torenz = 00256V " x (Eg-10eV)? for Eg>10eV b) k7]
%‘ Agyp = 108V, Gcng : Oczpe " Ocpe = 13:1:05 £
c o
e
= 2
= o
5
‘® XPS
k]
£
)
Qo
8
©
Kol
o
e
30 25 288 287 286 285 284 283 282

Binding Energy (eV) Binding Energy (eV)

FIG. 7. () Partial and total DOS for amorphous hydrogenated FIG. 8. C Is core-level spectra of diamond and all three amor-

carbon as obtained from MD. In contrast to Fig. 6, a higher hydro-phous modifications investigated. The core line of diamond is
gen content of 40 at. % and a lower mass density of 2.2 g&m smallest and is only determined by the lifetime broadening and the

were used as input parameters. The resulting structure revealed 673§Perimental resolution. The diamond was, after a hydrogenation,
spi-coordinated carbon atomgb) XP spectrum of ana-C:H heated up to 800 °C and carries a monohydride termination and

sample deposited by conventional RF plasma CVD and a fit to thfence shows no surface core-level shift. The two hydrogen-
partial DOS analogous to Fig(t5. containing sampless-C:H andta-C:H, show a much broader core

line due to inhomogeneous broadening from the disordered net-

three amorphous samplé€k.45 to 1.57 eV FWHM work. Compared to the hydrogen-fre@C, however, one finds that

In an investigation of the diamondl111) surface the the hydrogen helps to relax network stress; in particular, bonding
chemical shift of the C & binding energy on replacing one charge fluctuations that are responsible for the line broadening are
nearest carbon neighbor by hydrogen has been determined lgss. Theta-C line appears to be composed of two components,
+0.5 eV®® In the case of the binary alloysa-C:H and ascribed tesp? andsp® phases as discussed in the text.
a-C:H, one possible source of the line broadening would
thus be the chemical shift due to CH, GHand CH, units in ~ take this value as representative for threefold-coordinated
the material. Howeveta-C without hydrogen has the broad- carbon atoms. In the case of tteeC they would correspond
est line; a different mechanism exists in the amorphoud0 sp*-hybridized carbon atoms mainly i bonds. In fact,
samples and is possibly also responsible for the line broacRlso in this respect the analogy to the cléahl) surface of
ening inta-C:H anda-C:H. Most likely, disorder-induced diamond holds since the latter reconstructs in the form of
bonding-charge fluctuations, as they have already been iderF-bonded chain§! As a working hypothesis we therefore
tified in amorphous silicof? are responsible. For the latter ascribe the asymmtery on the low-energy side of thesC 1
material, a more detailed analysis in order to separate chemiine in ta-C to sp’-coordinated carbon. A fit of the Csl
cal shift due to hydrogen and charge fluctuations could b&pectrum with two peaks separated by 0.82 eV in fact reveals
performed because the hydrogen-induced effect was dom@n sp?-contribution of 314 %. This compares well to a
nant. In the carbon case, however, the unhydrogenated mualue of 30% obtained fror-edge EELS®
terial exhibits the broadest line and thus delivers no clue to
the contribution of charge fluctuations to the broadening in
the hydrogenated material. We therefore refrain from a quan-
titative analysis of the broadening mechanism. In this work we have analyzed the three presently avail-

On closer inspection the Cslcore line exhibits a clear able amorphous carbon materials that differ essentially by
asymmetry at the lower-binding-energy side. Also from ex-their way of manufacture. The samples have been analyzed
periments on clean single-crystal diamofidl) a surface by photoemission for their core levels as well as their va-
core-level shift of —0.82 eV of the C % line has been lence bands. The Cslcore lines are approximately twice as
established® Although more specific structural properties of wide for the three amorphous samples as for diamond, which
a surface reconstruction and relaxation also influence surfacge ascribe mainly to disorder-induced bonding charge fluc-
core-level shifts, we might as a zero-order approximatiortuations. In the case of the hydrogen-fteeC we observe a

VI. SUMMARY
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marked asymmetry on the low-binding-energy side, which idn the s-type and also in thg@-type partial density of states
tentatively interpreted as due &p?-coordinated carbon at- (although less pronouncedetween the three amorphous
oms. The valence-band spectra of both crystalline modificasamples, which manifest themselves clearly in the XP
tions could be consistently fitted to their partial densities ofvalence-band spectra and which are due to different

states using ratios of 13:1:0.5 for thgp,, : p,, photoemission
cross sections.

sp?/sp® ratios, were correctly described by the calculation.
The tetrahedrally coordinated amorphous network of the

Peak positions in binding energy were well predictedta-C andta-C:H samples shows a splitting of theband
from the calculation in the case of diamond but overesti-density of states which might be correlated with the relax-
mated for graphite. Nevertheless, the characteristic changegion of the dihedral angle in the disordered material.
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four valence electrons of a carbon atom in diamond and that of
the valence electron of hydrogen, respectively, to the UPS spec-
tral region investigated in Ref. 16, and the average photoemis-
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