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High-resolution surface-sensitive C 1s core-level spectra of clean
and hydrogen-terminated diamond„100… and „111… surfaces
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The carbon 1s core levels of diamond~100! and ~111! surfaces were investigated using high-resolution
photoelectron spectroscopy. The surfaces were prepared in a hydrogen plasma, which is known to result in
atomically flat surfaces. From the signature of the C 1s core-level spectra, four different surface terminations
can be distinguished. The as-prepared surfaces exhibit a surface component shifted by10.5 to 10.8 eV
toward higher binding energy, which we assign to multiple termination of carbon atoms by hydrogen. Anneal-
ing these surfaces first results in the development of the surfaces terminated monoatomically by hydrogen. A
small chemical shift of20.15 eV was deduced for the hydrogen-terminated surface atoms of the~111!:H
surface with respect to the bulk carbon atoms. Further annealing leads to spectra characteristic for hydrogen-
free, reconstructed diamond surfaces. This process is shown to be thermally activated with an activation energy
of 3.460.4 eV. The corresponding chemical shifts between surface and bulk components vary between20.78
and21.15 eV depending on surface orientation and surface treatment. Finally, annealing atT'1250 °C leads
to a partially graphitized surface for diamond~111! while on the diamond~100! surface a 431 reconstruction
is observed. The sign and magnitudes of the chemical shifts are discussed.@S0163-1829~98!11119-0#
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I. INTRODUCTION

Virtually all materials exhibit core-level binding energie
of their surface atoms that differ from those of the cor
sponding bulk atoms. These surface chemical shifts refl
the charge redistribution and—for ionic compounds—
change in Madelung potential that accompanies the reduc
in the number of nearest neighbors at the surface and
atomic reconstruction that the material undergoes in orde
minimize its surface energy. As such, the measurement
analysis of surface chemical shifts provides valuable inf
mation about the structure and bonding arrangements at c
tal surfaces. On semiconductor surfaces different com
nents in core-level spectra are usually attributed
inequivalent atom sites.1 A case in point is, for example, th
work of Landemarket al.2 performed on the Si~100! (2
31)-reconstructed surface. Utilizing high-resolution pho
electron spectroscopy~PES! with synchrotron radiation, they
were able to resolve four chemically shifted surface com
nents on the Si 2p core line which they attributed to emis
sion from inequivalent surface and subsurface atoms on
basis of charge transfer arguments, and the intensities o
surface components relative to the unshifted bulk line. Si
lar measurements were performed on the Si~111! 737 sur-
face, where four3 or five4 surface components could be a
signed to the inequivalent surface atoms, again based ma
on charge-transfer arguments. On hydrogen-termina
Si~111! surfaces, the total number of surface component
not yet clear.5,6 With a similar intention, here we present
study of the C 1s core-level spectra of the clean an
hydrogen-terminated~111! and ~100! surfaces of single-
crystalline diamond using high-resolution PES.
570163-1829/98/57~19!/12397~13!/$15.00
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Diamond surfaces are usually prepared by mechan
polishing or exposure to atomic hydrogen at elevated te
peratures~800–900 °C!. Both preparation techniques lead
~at least partially! hydrogen-terminated surfaces. Clean d
mond surfaces are obtained by annealing these surf
above the hydrogen desorption temperature at 900–120
in UHV.

The ~100! surface prepared that way shows a 231 recon-
struction. The structural model of this surface consists
dimers, similar to that of the Si~100! surface. In contrast to
the Si surface, however, symmetric dimers are predicted
the diamond~100! surface.7–12 The bonding between the
dimer atoms can be viewed as a double bond~p plus s
bond!.7,13 By adsorption of one hydrogen atom per surface
atom~coverageQ51! thep bond is broken. The dimers ar
still present, and the bond distance corresponding to a si
bond~s bond! is enlarged. The resulting surface structure
the monohydrogenated, 231-reconstructed~100! surface,
C~100! 231:H. Surfaces prepared by a microwave hydrog
plasma14 or grown homoepitaxially15 are believed to exhibit
that kind of surface termination. Support for this comes fro
high-resolution electron-energy-loss spectrosco
~HREELS!,15,14 scanning tunneling microscopy~STM!,16,17

and low-energy electron diffraction~LEED!.18,19 In prin-
ciple, one can also imagine a bulklike termination of t
diamond~100! surface with two hydrogen atoms per surfa
atom (Q52). However, the distance between two H atom
on adjacent surface atoms would be very small. Therefor
is not yet clear whether this surface structure exists20 or not
exists,10,21,22 as the observed 131 LEED pattern on me-
chanically polished surfaces23–25 taken as a confirmation fo
the C~100! 131:2H surface might just reflect the symmetr
12 397 © 1998 The American Physical Society
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TABLE I. Results of the C 1s core-level analysis for the~100! surface of diamond.DE refers to the
binding-energy shift of the surface component relative to the bulk component,wG to the width~FWHM! of
the Gauß component in the line fits, and % to the relative contribution of each component to th
emission intensity. The asterisk marks values that have not been varied during the fit.

~100! surface \v ~eV! Component DE ~eV! wG ~eV! %

as prep. 325 SurfaceSA 10.5060.03 1.08 34
Tprep'800 °C BulkB — 0.41 66

305 SurfaceSA 10.50* 0.72 19
Bulk B — 0.40 81

as prep. 325 SurfaceSA8 10.8160.01 0.81 55
Tprep'900 °C BulkB — 0.45 45

ann. at 700 °C 325 BulkB — 0.51 100

ann. at 325 BulkB — 0.51 62
1050 °C SurfaceSC 20.9060.01 0.55 38

305 Bulk B — 0.49 82
SurfaceSC 20.90* 0.54 18
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of the bulk material beneath a disordered surface.14 Besides
the monohydrogenated and the dihydrogenated~100! sur-
faces, ordered hydrogen terminations with 1,Q,2 were
considered as well.9,10,13,20,21,26However, no experimenta
evidence for these structures is available as yet.

The diamond structure viewed perpendicular to the@111#
direction consists of bilayers separated by the bond dista
Cutting a crystal between the bilayers leads to the sin
dangling-bond surface, the cleavage plane of the diam
structure. The 231 reconstruction observed on clean d
mond ~111! surfaces is usually explained in terms of t
p-bonded chain model of Pandey.27 A termination of every
surface atom by one hydrogen atom leads to a bulklike
face structure. Again, these surfaces can be prepared
plasma techniques@homoepitaxial growth, H plasma at 800
900 °C ~Refs. 19 and 28!#.

The ~111! surface which is formed by cutting the bilaye
yields three dangling bonds per surface atom~triple dangling
bond surface!. Two reconstructions are predicted for this su
face which are similar in total energy. One is th
(231)-reconstructed Seiwatz single-chain model,29,30 and
the other consists of trimers which would form a ()
3))R30° structure.21,29,30A complete hydrogenation of th
triple dangling-bond surface corresponds to a sin
dangling-bond surface completely terminated by met
radicals.29

Earlier core-level studies by photoelectron spectrosc
were performed on the~111! ~Refs. 31–34! and ~100! sur-
faces of diamond.35–38 The general consensus appears to
as follows: The as polished orex situcleaved surface has, i
addition to the dominant bulk C 1s line, some tailing toward
higher binding energy,32 that is in some cases interpreted
one or more separate components shifted towards hi
binding energy.31,33In an earlier paper we attributed this su
face core-level shift to adsorbed CH2 or CH3 species.33 The
asymmetric tailing is removed at temperatures below
temperature necessary to desorb hydrogen.32 Upon annealing
at or above the hydrogen desorption temperature, a line
pears at lower binding energy in all cases including the~100!
e.
le
d

r-
by

-

e
l

y

e

er

e

p-

surface. Its intensity relative to the bulk component sca
with the mean free path of the photoelectrons, as expe
for emission from the diamond surface. This surface co
level peak is thus considered characteristic of the hydrog
free reconstructed~111! and ~100! surfaces of diamond
However, different magnitudes for the chemical shifts ha
been reported in the literature that range from 0.8~Refs. 32
and 34! to 0.95 eV~Ref. 31! on the~111! surface and from
0.9 ~Refs. 35 and 36! to 1.2 eV ~Ref. 37! on the~100! sur-
face. An exact value as well as a model accounting for
sign and magnitude of the surface core level shift is lack
up to now.

The paper is organized as follows: After a description
the sample preparation and the experimental condition
Sec. II, we present the C 1s core-level spectra for differently
treated~111! and ~100! surfaces in Sec. III. In Sec. IV we
attempt an identification of the observed surface core-le
shifts, and we conclude with a summary in Sec. V.

II. EXPERIMENTAL ASPECTS

A. Sample preparation

The samples used were commercially available type
diamond single crystals which had boron concentrations
about 131016 cm23, and were thus sufficiently conductiv
to avoid any charging problems during PES measureme
The as-received crystals had mechanically polished~100!
and cleaved~111! surfaces of about 335 mm2 area. In one
case we also used a mechanically polished~111! surface. At
this stage the samples showed very few oxygen contain
surface contaminants as judged by XPS~x-ray-induced pho-
toelectron spectroscopy!, that could be completely remove
by annealing at'600 °C, and they showed a 131 LEED
pattern. Annealing above 950 °C converted both types
surfaces to a 231 reconstruction, as expected. Howeve
angle-resolved photoemission measurements of the val
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TABLE II. Same as Table I for the~111! surface. The asterisk marks values that have not been va
during the fit.

~111!-Surface \v ~eV! Component DE ~eV! wG ~eV! %

as prep. 325 SurfaceSA 10.7060.02 0.75 41
Tprep'800 °C BulkB — 0.53 59

as prep. 325 SurfaceSA8 10.7560.01 0.79 65
Tprep'900 °C BulkB — 0.46 35

light ind. 325 SurfaceSA8 10.75* 0.73 26
desorption BulkB — 0.68 74

ann. at 325 BulkB — 0.55 93
850 °C SurfaceSC 21.02* 0.77* 7

ann. at 325 BulkB — 0.62 45
1050 °C SurfaceSC 21.0260.01 0.77 55

305 Bulk B — 0.62 59
SurfaceSC 21.02* 0.94 41

ann. at 325 BulkB — 0.82 30
1250 °C SurfaceSD 21.1360.02 0.47 70

305 Bulk B — 0.82 41
SurfaceSD 21.13* 0.55 59
io
u
e

ug

0
ro

th

-

s,

tio
n
om
on
o
th
p

d
le
ot
er

i
th

le
io

305

V

At
und
he

is
by
h a
1

ra
—
y’s
lu-

th

e

a
ure

tive

al-
bands showed virtually no features dispersing with emiss
angle, and we therefore considered these surfaces ins
ciently ordered. The surface quality was markedly improv
after ‘‘polishing’’ the samples in a hydrogen plasma as s
gested by Thomset al.18 and Küttel et al.19 To this end, the
surfaces were exposed at a temperature of about 800–90
for 10–15 min to a hydrogen plasma maintained by a mic
wave discharge in 50 mbar of H2. This treatment which can
be repeated a few times yields clean~as judged by XPS! and,
according to Ref. 19, atomically flat surfaces on which
231 dimerization has been observed for the~100! surface
by scanning tunnelling microscopy.17 Before and after dehy
drogenation at'950 °C, the~111! and ~100! surfaces ex-
hibit sharp and strongly dispersing bulk and surface state
has been demonstrated elsewhere.39 It is these plasma-
polished surfaces that we used for our present investiga
The diamond crystals were mounted on a thin Ta foil, a
could be heated by electron bombardment of the Ta foil fr
the back. In the high-temperature regime the actual diam
temperature is expected to be considerably lower. In a c
trol experiment where we placed a Ta sample in place of
diamond specimen to mimic the heat contact between sam
and support, we measured pyrometrically a temperature
ference of about 150 °C between the dummy Ta ‘‘samp
and the Ta sample support. The temperatures qu
throughout this paper are therefore the pyrometric temp
tures of the Ta sample support reduced by 150 °C. Even w
this correction there is a considerable error margin in
diamond temperatures of an estimated650 °C.

B. Photoemission setup and data treatment

The PE spectra were recorded with a hemispherical e
tron energy analyzer at the Berlin synchrotron radiat
source BESSY. A plane-grating monochromator~Petersen
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monochromator! set to a resolution of 120 meV at\v
5300 eV ~slit width 100 mm! was used to excite the C 1s
core electrons. We chose two photon energies, 325 and
eV, which yield kinetic energies of the C 1s photoelectrons
of '35 and 15 eV, respectively. At a kinetic energy of 35 e
we are near the minimum in the electron escape depth~3–4
Å!, and the spectra are thus termed ‘‘surface sensitive.’’
15 eV the electron mean free path is expected to be aro
10 Å, and the spectra are termed ‘‘volume sensitive.’’ T
overall resolution~monochromator and electron analyzer! of
the core-level spectra is estimated to be'130 meV. The
background of inelastically scattered electrons which
steeply rising at low kinetic energies was corrected for
recording the same electron energy spectrum, albeit wit
photon energy lower than the emission threshold of the Cs
core level (\v5285 eV), and subtracting the two spect
from each other. The remaining background could
whenever necessary—be removed by applying Shirle
method.40 The spectra so corrected were fitted with convo
tions of Gaussian and Lorentzian line shapes~Voigt func-
tions!. The smallest value we obtained for the Lorentz wid
GL was 0.15 eV~full width at half maximum, FWHM! which
was subsequently kept fixed in all fits. The width of th
Lorentz line reflects the lifetime of the C 1s core hole, and
we had no indication that this lifetime was affected in
reproducible and consistent way by the electronic struct
of the surface. The value of 0.15 eV forGL is slightly smaller
than the 0.18 eV reported by Moraret al.,32 but still higher
than the theoretical estimate of'0.1 eV.41 Energies in the
core-level spectra will be quoted as binding energies rela
to the C 1s bulk component.

III. RESULTS

Because the core-level spectra for the~111! and ~100!
surfaces differ only in detail, we shall discuss them in par
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lel. All relevant data derived from the line-shape analysis
gathered in Tables I and II, and we will refer to these tab
frequently in what follows. In order to facilitate the discu
sion, we present our results by defining four different surfa
phases. Phase A is that immediately after the plasma tr
ment. Phase B is obtained after annealing at a tempera
between 450 and 850 °C, and is characterized by a sing
1s component. Phase C is obtained after driving off the
drogen at temperatures above 950 °C, and, in phase D
nally, graphitization of the diamond~111! surface sets in
after annealing at'1250 °C. All annealing steps were pe
formed in situ, and the data presented below were taken
room temperature. The surfaces were routinely checked
contamination by monitoring the core-level intensities of t
prevailing adsorbates. It was found that the diamond surfa
were in general exceptionally clean with no detectable c
tamination. Exceptions from the rule will be pointed out.

Phase A: the surface after plasma preparation

The upper two spectra in Fig. 1 show the C 1s spectral
region of a~100! surface after plasma preparation at a te
perature of 800 °C. In addition to the bulk C 1s line ~labeled
B! a component shifted byDE510.5 eV toward higher
binding energies is clearly distinguishable~SA in Fig. 1!. The
fact that the contribution of this component relative to t
total C 1s emission increases from 19% to 34% as the p
ton energy changes from 305~bulk sensitive! to 325 eV~sur-

FIG. 1. C 1s core-level spectra of a diamond~100! surface
prepared in a microwave hydrogen plasma. Top: prepared aT
'800 °C ~left: \v5325 eV, surface sensitive; right:\v
5305 eV, bulk sensitive!. Bottom: prepared atT'900 °C ~\v
5325 eV, surface sensitive!.
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face sensitive! confirms that this extra emission stems fro
the diamond surface. The intensity and chemical shift of t
surface component depends sensitively on the prepara
conditions. After a different plasma treatment~nominally

FIG. 2. C 1s core-level spectra of a diamond~111! surface,
\v5325 eV. Left: prepared at 800 °C, right: prepared at 900 °

FIG. 3. Top: LEED pattern of the as-prepared diamond~100!
surface,E594.3 eV. Bottom: LEED pattern of the as-prepared d
mond ~111! surface,E575.7 eV.
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57 12 401HIGH-RESOLUTION SURFACE-SENSITIVE C 1s . . .
with a somewhat higher substrate temperature of'900 °C!,
a componentSA8 ~Fig. 1, lower spectrum! arises that is shifted
by 10.81 eV and contributes 55% to the total C 1s intensity
in the ‘‘surface-sensitive’’ 325-eV spectrum~also compare
Table I!. The situation is analogous for the~111! surface.
After plasma polishing at 800 °C a surface componentSA
shifted by10.70 eV with a relative contribution of 41% i
measured at\v5325 eV~see Fig. 2! that is replaced after a
900 °C plasma preparation step bySA8 (DE510.75 eV) that
now contributes a remarkable 65% to the spectrum. For
~100! surface, a sharp LEED pattern of
(231)-reconstructed surface with low background intens
is observed~Fig. 3, upper picture!. The LEED pattern of the
~111! surface corresponds to a well ordered, 131 surface
unit mesh~Fig. 3, lower picture!. For both surfaces the dif
ferent preparation temperatures do not lead to a vis
change in the LEED pattern.

The species responsible for the surface core-level shi
apparently sensitive to light induced desorption. In Fig. 4

FIG. 4. C 1s core-level spectra (\v5325 eV) of a diamond
~111! surface. Left: as prepared, right: after several hours of illu
nation with soft x rays (\v.285 eV).

FIG. 5. Left: C 1s core-level spectrum of a diamond~100! sur-
face annealed at 700 °C, right: C 1s core-level spectrum of a dia
mond ~111! surface annealed at 850 °C,\v5325 eV.
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compare spectra taken from the same~111! surface at the
beginning of a series of measurements~left-hand side! and
after several hours of exposure to radiation above 285
~right-hand side!. The intensity of the surface component h
dropped to about half its initial value without a discernib
change in chemical shift. Remarkable, however, is that
Gaussian width of the bulk component is markedly increa
from about 0.5 eV in all previous spectra to 0.68 eV af
light-induced desorption~see Table II!. This points either
toward an inhomogeneous broadening reflecting an extri
subsurface disorder induced by the desorption process, o
the fact that the larger width is due to intrinsic surface co
ponents with chemical shifts too small to be resolved. W
will return to this point below. The electron diffraction pa
tern remains unchanged: 131.

Phase B: after annealing at 700 °C

The spectrum on the left-hand side of Fig. 5 shows the
1s spectrum of the diamond~100! surface after it had been
annealed at 700 °C for 5 min. It consists of a single li
without a resolved surface component, despite the fact
the spectrum was taken in the surface-sensitive mode.
Gaussian width~FWHM! amounts to 0.51 eV, which is com
parable to the width measured for the diamond~111! surface
after annealing at 850 °C@~0.55 eV, Fig. 5, right-hand side#.
After this higher annealing temperature a small compon
SC on the low-binding-energy side has evolved that will
discussed in Sec. IV. Here we obviously missed the optim

-

FIG. 6. C 1s core-level spectra of diamond surfaces anneale
1050 °C. Top:~100! surface~left: \v5325 eV, surface sensitive
right: \v5305 eV, bulk sensitive!. Bottom: ~111! surface~left:
\v5325 eV, surface sensitive; right:\v5305 eV, bulk sensi-
tive!.
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annealing temperature and went beyond the point wh
componentSA has vanished completely without there bei
any new component to appear. It is, nevertheless, saf
assume that also on the~111! surface a phase B exists that
characterized by the absence of any resolved compo
which can be attributed to the emission from surface ato
It is also remarkable that the LEED pattern remains
changed in going from phaseA to phaseB: it remains 2
31 on ~100! and 131 on ~111!.

Phase C: after annealing at 1050 °C

Annealing both diamond surfaces at 1050 °C for 10 m
yields the spectra depicted in Fig. 6. Now in both case
surface core-level shift towards lower binding energy a
pears in addition to the bulk C 1s component~SC in Fig. 6!.
Its origin from the surface is again demonstrated by the d
bling in relative intensity ofSC in going from 305-eV photon
energy to 325 eV. Despite these similarities there are dif
ences in detail for the two surfaces. On the~100! surface, the
chemical shift ofSC is 20.90 eV, whereas it is21.02 eV
on ~111!. Also the intensities differ. For\v5325 eV,
I SC

/(I B1I SC
) is 0.38 on~100!, whereas the same ratio

0.56 on~111!. However, an attempt to quantify the intens
ties on the basis of an inelastic scattering length gave
consistent results because the probe depths in this ex
ment were extremely small ('3 – 10 Å). With this anneal-
ing step the LEED pattern of the~111! surface changes from
131 to 231, indicating that a reconstruction of the surfa
has taken place as observed previously~see Fig. 7!. The sur-
face unit mesh of the~100! surface remains 231 ~not
shown!. The spectra of the~111!-oriented sample discusse
so far were obtained on a cleaved surface after it had b
subjected to the hydrogen plasma treatment at elevated
peratures. A remarkable difference in the C 1s spectrum of
phase C is observed if a polished~111! surface is subjected
to the same treatment. The spectra of a cleaved and a
ished ~111! surface are superimposed in Fig. 8, and th
demonstrate that the surface core-level shift is substant
larger on the cleaved surface, compared to the polished
face. To obtain a consistent fit of both spectra, one ha

FIG. 7. LEED pattern of a diamond~111! surface annealed a
1050 °C,E5106 eV.
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assume that the surface component indeed consists of at
two components~SC and SD , Table III!. On the polished
~111! surface only one of them is visible, shifted byDE5
20.78 eV from the bulk component. For the cleaved surfa
a second surface componentSD with a larger chemical shift
(DE521.15 eV) has to be introduced, which is even t
dominant one in that case. It should be mentioned that
component is not responsible for the slight shoulder on
low-binding-energy side of the C 1s signal from the polished
sample which is situated at even higher binding energy
was not investigated further~Fig. 8, upper panel!.

In Fig. 9 the transition from phase B to phase C is inve
tigated in detail for the polished~111! surface. To this end
the sample was annealed at temperatures increasing
850 °C in steps of 50 °C~25 °C between 1000 and 1050 °C!
up to 1100 °C, and kept at each temperature for 3 min. F
lowing each step the sample was allowed to cool for 7 m
and the C 1s core-level spectrum was measured. Each sp
trum was at first fitted to the two Voigt functions alread
shown in Fig. 8~upper spectrum!. The position of compo-
nentB as well as the development of the relative intensity
componentSC as a function of annealing temperature a
summarized in Fig. 10. It is evident from these figures t
the phase transition that is signified by the evolution of
surface componentSC is thermally activated, and occurs be
tween 850 and 1050 °C. At the same time the phase tra
tion is accompanied by an increase in downward band be
ing of 0.5 eV, as witnessed by the corresponding increas
the binding energy of peak B in Fig. 10. A closer look at t
spectra of Fig. 9 reveals an increase in the chemical shif
SC from 20.65 eV at low intensity to20.78 eV at the satu-

FIG. 8. C 1s core-level spectra of two different~111! surfaces,
plasma hydrogenated and annealed at 1050 °C,\v5325 eV. Top:
polished sample; bottom: cleaved sample.
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TABLE III. Same as Table I for the cleaved and polished~111! surface after 1050 °C anneal. The aster
marks values that have not been varied during the fit.

~111!-surface \v ~eV! Component DE ~eV! wG ~eV! %

polished 325 Bulk — 0.62 49
Surface 20.78* 0.62 51

cleaved 325 Bulk — 0.58 45
Surface 20.78* 0.60* 22
Surface 21.15 0.59 33
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ration intensity ofSC . The reason for the change in ener
separation betweenSC andB is likely due to the fact thatB
consists of two unresolved components~Bbulk and Bsurf!
which we assign to the atoms of the first atomic layer, i.e
the true surface atoms (Bsurf), and to all subsurface atom
(Bbulk). The surface atoms are those which are involved
the phase transition from phase B to phase C, thusBsurf com-
pletely vanishes fromB in the course of that transition an
transforms intoSC . When Bsurf and Bbulk differ slightly in
peak position, an apparent shift of the peak maximum ofB is
expected which then leads to a corresponding change in
chemical shift betweenSC and B. A consistent fit of all
spectra shown in Fig. 9 is possible if one assumes that
separation between surface (Bsurf) and bulk componen
(Bbulk) in peakB is 0.15 eV with the true bulk componen
(Bbulk) on the high-binding-energy side~see Fig. 11!. The
evolution of a nonresolved surface componentBsurf might
also be responsible for the broadening ofB caused by the
light induced decrease ofSA8 in Fig. 4. Note the substantia
constraints that have been imposed on the fit sequenc
Fig. 11 and which make the extracted binding energy s
betweenBsurf andBbulk very reliable even when not resolve
directly: ~i! all line positions and linewidths were held co
stant except for the overall shift due to band bending~see
above!; ~ii ! componentBbulk had to be constant in intensity
~iii ! the combined intensity ofBsurf andSC had to be constan
as well.

FIG. 9. Development of the C 1s core-level spectra of the pol
ished ~111! diamond surface upon annealing,\v5325 eV. The
bulk component of the 850 °C spectrum was taken as zero for
relative binding-energy scale of the abscissa.
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It should be mentioned that after heating atT51000 °C
the LEED pattern, which has been routinely checked a
each annealing step, showed a weak 231 reconstruction for
the first time. The intensity of the half order spots increas
up toT51050 °C. Further annealing only led to an increa
of diffuse background~see below!.

Phase D: annealing above 1050 °C and graphitization

For annealing temperatures of'1250 °C further changes
in the C 1s spectra of the~111! and ~100! surfaces are ob-
served. On~111!, the intensity ratio of surface compone
~labeledSD in Fig. 12! to bulk component almost double
~compare the lower set of spectra in Fig. 6 with Fig. 12! and
the surface chemical shift increases further to21.13 eV~see
Table I!. The comparison of the two spectra taken at 325 a

e

FIG. 10. Top: Binding-energy shift of the C 1s bulk component
due to the change in band bending as a function of tempera
*The asterisk indicates the value ofEF2EVBM51.0 eV for the
hydrogen-free surface taken from Ref. 39. Bottom: Relative int
sity of the surface componentSC in the C 1s core-level spectra as a
function of temperature. The line was calculated assuming fi
order desorption kinetics as explained in the text.
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305 eV, respectively, confirms nevertheless that the spe
responsible forSD reside at the surface. This implies that
rearrangement of the surface has taken place which invo
more than just the top layer. Notice also that the width of
bulk component has increased appreciably from 0.5–0.6
~FWHM! in the previous spectra to 0.82 eV after anneal
at 1250 °C while the surface component has substant
narrowed in the last step: from 0.94 eV in Fig. 6 after t
1050 °C anneal to 0.47 eV now. The LEED pattern rema

FIG. 11. Fit of C 1s core-level spectra shown in Fig. 9 by usin
three components.Bbulk : bulk component;Bsurf : surface compo-
nent of the monohydrogenated~111! surface;SC : surface compo-
nent of the hydrogen-free~111! surface.

FIG. 12. C 1s core-level spectra of the diamond~111! surface
annealed at 1250 °C. Left:\v5325 eV; right:\v5305 eV.
es

es
e
V

g
ly

s
231, but the background increases considerably, and str
develop between first-order spots as demonstrated in
lower picture of Fig. 13. Annealing the~100! surface at
1250 °C also leads to an increase in the surface compo
SC but much less pronounced compared to~111!. However,
the LEED pattern has turned into that of a 431 reconstruc-
tion with marked streaking~Fig. 13, upper picture!. Such a
reconstruction has to our knowledge not been published
diamond~100! so far.

IV. DISCUSSION

A. Identification of phases A–D

The most studied diamond surfaces so far are the cle
(231)-reconstructed~111! and ~100! surfaces. The core
level spectra of both surfaces exhibit a surface compon
shifted by '0.9 eV toward lower binding energies. If w
compare the literature data with our measurements, we
identify phase C with the clean diamond surfaces. Stro
support for this assignment stems from the fact that on s
faces which were prepared in the very same way the intrin

FIG. 13. Top: LEED pattern of a diamond~100! surface an-
nealed at 1250 °C,E5101 eV. Bottom: LEED pattern of the dia
mond ~111! surface annealed at 1250 °C,E5106 eV. Notice the
increase in background intensity compared to Fig. 7.
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surface state dispersions were observed in angle-reso
photoemission, which was demonstrated elsewhere.39

The surface structures which lead to the characteri
spectra of phases A and B are not nearly as clear. In all c
surface atoms other than C and H were below the detec
limit of XPS. Therefore only C and H atoms can be involv
in these surface structures. By comparing our results to
erature data we come to the conclusion that two scenarios
possible to explain the spectra observed for phases A an

~I! Phase A corresponds to the monohydride termina
surface, and phase B is a metastable, hydrogen-free unre
structed@(231)-reconstructed but unrelaxed for~100!# sur-
face.

~II ! Phase A is due to multivalent hydrocarbon termin
tion, and phase B corresponds to the monohydride surfa

For scenario I, the shift of the surface component in ph
A (SA) is induced by C-H bonds of the monoatomica
terminated surfaces. A light-induced desorption of hydrog
from diamond~111! surfaces was observed by Pateet al.,42

and could therefore account for the decrease of the sur
component in Fig. 4. However, given that phase A is ch
acteristic of the hydrogen terminated surfaces, what sur
structure is responsible for the C 1s spectra seen in phase B
On the~111! surface one can imagine a hydrogen-free, u
reconstructed surface. Theoretical calculations come to
ferent conclusions concerning the possibility that a me
stable unreconstructed and hydrogen free~111! surface
exists.9,30,43 Another possibility is that a small amount o
hydrogen is left on the surface, not enough to be seen in
core-level spectra but sufficient to prevent a reconstructio
the ~111! surface. Yamada and co-workers44,45 reported that
a small amount of atomic hydrogen~equivalent to 5% of a
monolayer! is sufficient to induce the (111) 231
→(111) 131:H transition. Studying the reverse process
the ~111! surface Hamza, Kubiak, and Stulen46 reported that
after the desorption of hydrogen, further annealing is nec
sary to induce the reconstruction. This, however, is in c
trast with the observations of Lee and Apai,47 which were
not able to remove the hydrogen completely from the~111!
surface, even after the reconstruction took place.

The main argument against this interpretation for pha
A and B, however, is the following: While for the~111!
surface a reconstruction is necessary to go from phase A~H
terminated 131! to phase C~H free, 231!, no change of
reconstruction is necessary in the same transition on
~100! surface, as witnessed by the LEED pattern. It is th
harder to imagine a metastable intermediate phase B on
~100! surface; and yet the corresponding C 1s core level
signature~a single peak B! is observed on both surfaces.

For scenario II, emission from adsorbed hydrocarbon
responsible for the surface componentsSA and SA8 in phase
A. Again there are several possibilities left for phase B. T
fact that the decrease of componentSA does not directly lead
to the componentSC implies that~i! no dangling bonds are
formed by the desorption of the adsorbates, or~ii ! the mere
existence of dangling bonds is not sufficient to induce
characteristic spectra of phase C. For the second altern
one is left with the same problems as before in scenari
Case~i! might imply that either the adsorbates are only ph
sisorbed on a monohydrogenated surface, or they are ch
sorbed and an exchange reaction takes place, i.e., the de
ed
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tion leads to a termination of the dangling bond by
hydrogen atom. Alternatively, the hydrocarbons might
cracked, part of the hydrogen desorbs, and the remainin
atoms form a hydrogen-terminated surface layer. C
et al.48 adsorbed methyl-radicals on the diamond~111! sur-
face. The termination of the surface by methyl groups co
be monitored by sum-frequency vibrational spectrosco
Upon annealing atT.350 °C, however, their spectr
changed to the ones characteristic of the monohydrogen
surface. A similar process might occur in our experiment
going from phase A to phase B.

Methyl radicals are the most simple form of hydrocarbo
which could be chemisorbed on the surfaces. Inde
HREELS measurements on~111! surfaces which were
grown homoepitaxially show vibrational modes characte
tic of methyl groups.15 In scanning tunneling microscopy
protrusions are visible on homoepitaxial~111! surfaces
which reveal a triangular structure, and they are interpre
as methyl groups.49 Very recently Schober and Weis50 ob-
served, by STM, unreconstructed areas on a plas
hydrogenated~111! surface on which each surface atom w
saturated by a single methyl group, i.e., they provided e
dence of an ordered C~111! 131:3H structure. The differ-
ence between the homoepitaxially grown surfaces and
samples prepared in a microwave hydrogen plasma lies
in the gas mixture used. In homoepitaxial growth a few p
cent of a carbon containing gas~in most cases methane! is
added to the hydrogen plasma. Pressure and sample tem
ture are usually the same. In a recent paper, Rawleset al.51

stated that the effect of smoothing in a hydrogen plasma
sample temperatures below 975 °C is induced by surface
fusion and not by a simple etching of the surface. We
think that our surfaces may therefore be more similar to
moepitaxially prepared surfaces than to conventionally p
ished surfaces. The way adsorbates of methyl-radicals s
up in C 1s core level spectra was investigated by Klaus
et al.52 Indeed, a surface component shifted toward hig
binding energies is visible in these spectra, however, the
ported energy difference with respect to the bulk li
amounts to 1.5 eV.

For the ~100! orientation, for surfaces grown
homoepitaxially15,53or samples prepared in a microwave h
drogen plasma,14 no evidence for surfaces terminated oth
than by a single H per surface C atom has been reporte
far. Nevertheless, we believe that the structure of the s
faces in the three phases can be described following scen
II as follows.

~i! The core-level spectra of phase A are characteristic
diamond surfaces that are partially covered by hydrocar
molecules, possibly methyl groups, for which experimen
evidence at least on~111! surfaces has already been give
Thus the surface core-level componentSA is due to emission
from C atoms in adsorbed hydrocarbons.

~ii ! Upon mild annealing (T,750 °C), these adsorbate
desorb or break up, and a monohydrogenated surface evo
~phase B!. No distinct chemically shifted surface compone
has been resolved for this phase. As shown in Sec. II
systematic study of the transition from phases B to C reve
a chemical shift of20.15 eV between the surface and bu
atoms of phase B, which we consequently interpret as
chemical shift of the monohydride C-H groups. Note th
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this chemical shift is opposite in sign from the one induc
by the multivalent hydrogen termination of the adsorbates
phase A.

~iii ! Annealing above the hydrogen desorption tempe
ture leads to the clean diamond~100! and ~111! surfaces
~phase C!, and the componentSC is therefore due to surfac
atoms that undergo the characteristic 231 Pandey chain re
construction on the~111! or the relaxation top-bonded
dimers on the~100! surface.

~iv! Further annealing (T.1250 °C) leads to a formation
of a 431 reconstruction on the~100! surface; the~111! sur-
face starts to graphitize~phase D! with the corresponding
surface componentSD being very narrow~0.47 eV! and
shifted by21.13 eV with respect to the bulk component.

B. Kinetics of the transition of phases B̃ C

The transition from phase B to phase C is the most in
esting because it involves the reconstruction or relaxation
the hydrogen-free~111! or ~100! surface, respectively. Fo
scenario II the desorption of hydrogen is necessary in a
tion. Therefore, we have studied the kinetics of this transit
in more detail on the polished~111! surface. As discussed i
connection with Figs. 10 and 11, this transition is therma
activated and the relevant parameter is the activation en
Eact. If we assume that the appearance of the surface c
ponent SC signals the transformation of a surface carb
atom from a state ‘‘Bsurf’’ to a state ‘‘SC , ’’ the rate at which
this transformation occurs is given by the Polanyi-Wign
equation

dnS~ t !

dt
52

dnB~ t !

dt
5nB~ t !mn exp@2Eact/~kBT!#. ~1!

nS(t) @nB(t)# is the number of surface atoms in state ‘‘SC’ ’
~‘‘ Bsurf’’ ! per unit area,m the order of the phase transitio
with possible values from zero to two,n the so-called at-
tempt frequency~which is a true frequency only for m51!,
T the surface temperature, andkB the Boltzmann constant.

For a stepwise annealing as performed in our case
densities of atoms in state ‘‘Bsurf’’ after two consecutive an-
nealing stepsi 21 andi are related according to

nB,i5nB,i 21•exp$2nDt i exp@2Eact/~kBTi !#%, ~2!

whereDt i is the duration andTi the surface temperature o
the annealing stepi . This recursive equation can be derive
by integrating Eq.~1!, taking the activation energyEact as
constant, and assuming first-order kinetics (m51). The
double exponential factor

Fi5exp$2nDt i exp~2Eact/~kBTi !#%5nB,i /nB,i 21 ~3!

just describes the decrease in the number of atoms still aw
ing thermal conversion from stateBsurf to SC .

It is a safe assumption that the surface atomsnB and nS
contribute with the same sensitivity to the photoemission s
d
f

-

r-
of

i-
n

gy
-

r

e

it-

-

nal during the whole phase transition, and that the contri
tion of bulk atoms toI B remains constant. We then define th
intensity ratios:

s~ t !:5I SC
/I tot5

nS~ t !

NSurface1NBulk
~4!

whereNSurfacestands for the total number of surface atom
per unit area which remains constant during the phase t
sition: NSurface5nB(t)1nS(t)5const. NBulk corresponds to
the effective lateral density of atoms which contribute to t
bulk signal.

By defining the saturation valuessat

ssat:5
I SC

I tot
U

T51050 °C

5
NSurface

NSurface1NBulk
, ~5!

one obtains a recursive equation similar to~2! for the inten-
sity ratiossi :

si

ssat
512Fi S 12

si 21

ssat
D . ~6!

Using Eq. ~3! the conversion of Eq.~6! into an Arrhenius
representation yields

lnF lnS 12si 21 /ssat

12si /ssat
D G5 ln~nDt i !2

Eact

kB

1

Ti
. ~7!

The parametersn andEact follow directly from a straight line
fit when plotting the left-hand side of~7! versus 1/Ti ~Fig.

FIG. 14. Arrhenius plot for the conversion rateF(T) of surface
atoms from phase B to phase C@Eq. ~7!#. For details, see text. The
line corresponds to an activation energy of 3.4 eV, and an atte
to escape frequency of 7.531010 s21.
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14!. For the attempt frequency and the activation energy,
obtain the best fit values ofn57.53101062 s21 and
Eact53.4 eV60.4 eV, respectively. This activation energy
in good agreement with the activation energy of 3.5 eV
the desorption of hydrogen from the~111! surface of dia-
mond obtained recently by Bobrovet al.54 from temperature-
programmed desorption measurements.

C. Sign and magnitude of the core-level shifts

Shifts in core-level binding energies are usually discus
in terms of initial- and final-state effects.55 The initial-state
contribution is that part of the chemical shift that would
obtained if binding energies were correctly described
Koopmans’ theorem.56 As such it takes into account the di
ferences in the one electron Hartree-Fock potential seen
the different electron orbitals from which photoelectrons
emitted. In the simplest approximation the initial state sh
can be estimated by the differences in the valence ch
density of inequivalent atoms. The charge transfer in turn
related to differences in electronegativities of the bond
partners. Final state effects are related to the reaction of
remaining (N21)-electron system to the emission of th
photoelectron~relaxation!. If the relaxation energy of two
systems can be assumed to be the same, core-level s
reduce to initial-state shifts.55

The core-level shift of componentSA cannot be explained
in terms of a simple electrostatic initial-state shift. The ele
tronegativity of hydrogen is lower than that of carbon~2.1 vs
2.5! on Pauling’s scale.57 A charge transfer from hydrogen t
carbon, as expected by the respective electronegativitie
not unreasonable. It accounts for the negative electron a
ity of hydrogen-terminated surfaces36,38,58–60by forming a
surface dipole layer which lowers the work function. T
surface C atom is then expected to exhibit a surface c
level shift toward lower binding energies. This should ho
for the monohydrogenated~111! and ~100! surfaces~phase
B! but even more for the adsorbed hydrocarbons~phase A!.
Indeed, we can deduce for the unresolved surface peakBsurf,
which we attribute to C atoms bonded to H, a shift of 0.
eV toward lower binding energy. However, forSA , the com-
ponent attributed to emission from the adsorbed hydro
bons, a shift in the opposite direction is observed althou
the same electrostatic arguments as before are valid.
implies that the contribution of the relaxation energy to t
chemical shift dominates.

The importance of the relaxation energy in photoelec
spectra of hydrocarbons was demonstrated by Pire
et al.61 The C 1s binding energy of linear alkanes decreas
with increasing chain length due to a more efficient scre
ing of the photohole. Extending this result to a hydrocarb
molecule adsorbed on diamond, we would expect that
screening of the C 1s core hole located on the adsorbate
less efficient than for one on the surface of diamond wh
screening from the half-space of C atoms is possible. A sm
negative initial-state shift on account of the ionicity of th
C-H bond is thus overcompensated for by the reduction
relaxation energy compared to the ‘‘bulk’’ diamond atom
On the clean surfaces, however, ap bonding of the surface
atoms evolves which leads to a more effective screening
photohole at a surface atom compared to the bulk wh
e
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results in the rather large chemical shift of componentSC
towards lower binding energies. Both arguments surmise
course, that the initial state shift of surface C atoms that
only bonded to C, and have no dangling bond are neglig
by comparison.

Finally, the difference in surface core-level shifts betwe
the polished and the cleaved~111! surface after annealing a
1050° has to be explained. The maximum shift of the surf
componentSC on the~111! surface is observed on the pa
tially graphitized surface after annealing at'1250 °C ~see
Fig. 12 and Table II!, and amounts to 1.13 eV. Virtually th
same chemical shift is derived in Fig. 8 for the addition
component from the fit of the spectrum taken on the clea
surface. This component is missing on the polished surf
~Fig. 8 and Table III!. An obvious explanation would be tha
even at 1050° the cleaved surface is already partially gra
tized. As it has been shown that a graphitization of the~111!
surface starts at surface imperfections.62,63 The different be-
havior of the two surfaces might just reflect the differences
surface quality.

V. CONCLUSIONS

By studying the carbon 1s core level of single crysta
diamond ~100! and ~111! surfaces polished in a hydroge
plasma, we were able to distinguish four different forms
surface termination. The as-prepared surfaces exhibit a
face core level which is shifted by 0.5–0.8 eV toward high
binding energy compared to emission from bulk carbon
oms. The intensity of this surface component depends se
tively on preparation conditions. We attribute this comp
nent to emission from adsorbed hydrocarbons. Up
annealing at 650 °C, the core-level spectra are character
by a single line. We were not able to resolve a surface co
ponent; however, an indication for the true surface contri
tion is an apparent change in surface core-level shift betw
bulk line and surface component of the hydrogen-free~111!
surface upon further annealing. From a consistent fit t
whole sequence of annealing steps, we deduce a sur
core-level shift of 20.15 eV on the monohydrogenate
~111! surface.

Annealing at 1050 °C leads to the spectra characteri
for the hydrogen-free, (231)-reconstructed~111! and~100!
surfaces of diamond, which exhibit a surface compon
shifted towards lower binding energy by 0.8 and 0.9 eV
the ~111! and~100! surfaces, respectively. Differences in th
core-level spectra between a polished and a cleaved~111!
sample can be explained by a partial graphitization of
cleaved surface. The transition from the monohydrogena
to the hydrogen-free, reconstructed surfaces is thermally
tivated with an activation energy of 3.4 eV, consistent w
thermal-desorption experiments. Finally, at 1250 °C
~111! surface starts to graphitize. The emission from carb
atoms of graphitic areas appears at a binding ene
21.1 eV lower than the emission from the bulk diamo
carbon atoms. Annealing temperatures of 1250 °C leads
431 reconstruction on the~100! surface; a model for this
reconstruction is lacking.

The signs and magnitudes of the core-level shifts, nota
of the component which is attributed to adsorbed hydroc
bons cannot be explained in terms of a simple initial-st
shift. Therefore we conclude that on diamond surfaces
relaxation energy, i.e., the response of the surrounding e
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tron system to the formation of the photohole is the domin
term responsible for the surface core-level binding-ene
shifts.

ACKNOWLEDGMENTS

We would like to thank K. Janischowsky and R. Sto¨ckel
for the hydrogen plasma preparation of our samples.
rg

H

rg

-
S

a

ys

ri,

,

pl

p-

u

t
y

e

authors gratefully acknowledge financial support by t
Deutsche Forschungsgemeinschaft~Project No. Le 643/5-2!
carried out under the auspices of the trinational ‘‘D-A-CH
cooperation of Germany, Austria, and Switzerland on
‘‘Synthesis of Superhard Materials.’’ The measurements
BESSY were supported by the Bundesminister fu¨r Bildung,
Wissenschaft, Forschung und Technologie under Cont
No. 05 622 WEA 7.
nd

es,

ih,

ci.

tes,

rf.

.

ta

J.

Y.

nd

eki,

d-

m.

a-

n,
1G. Le Lay, V. Y. Aristov, and M. Fontaine, Prog. Surf. Sci.48,
145 ~1995!.

2E. Landemark, C. J. Karlsson, Y. C. Chao, and R. I. G. Uhrbe
Phys. Rev. Lett.69, 1588~1992!.

3J. J. Paggel, W. Theis, K. Horn, Ch. Jung, C. Hellwig, and
Petersen, Phys. Rev. B50, 18 686~1994!.

4C. J. Karlsson, E. Landemark, Y. C. Chao, and R. I. G. Uhrbe
Phys. Rev. B50, 5767~1994!.

5K. Hricovini, R. Günther, P. Thiry, A. Taleb-Ibrahimi, G. Idle
kofer, J. E. Bonnet, P. Dumas, Y. Petroff, X. Blase, X. Zhu,
G. Louie, Y. J. Chabal, and P. A. Thiry, Phys. Rev. Lett.70,
1992 ~1993!.

6C. J. Karlsson, F. Owman, E. Landemark, Y. C. Chao, P. M˚r-
tensson, and R. I. G. Uhrberg, Phys. Rev. Lett.72, 4145~1994!.
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