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The carbon % core levels of diamond100) 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 SCcre-level spectra, four different surface terminations
can be distinguished. The as-prepared surfaces exhibit a surface component shiftétiSbio +0.8 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 of—0.15 eV was deduced for the hydrogen-terminated surface atoms d¢ftigH
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 3.4+ 0.4 eV. The corresponding chemical shifts between surface and bulk components vary betégn
and—1.15 eV depending on surface orientation and surface treatment. Finally, annedliwd.250 °C leads
to a partially graphitized surface for diamoftil1) while on the diamond100) surface a & 1 reconstruction
is observed. The sign and magnitudes of the chemical shifts are disc[S6&83-18208)11119-0

I. INTRODUCTION Diamond surfaces are usually prepared by mechanical
polishing or exposure to atomic hydrogen at elevated tem-
Virtually all materials exhibit core-level binding energies peraturef800—900 °Q. Both preparation techniques lead to
of their surface atoms that differ from those of the corre-(at least partially hydrogen-terminated surfaces. Clean dia-
sponding bulk atoms. These surface chemical shifts refleehond surfaces are obtained by annealing these surfaces
the charge redistribution and—for ionic compounds—theabove the hydrogen desorption temperature at 900-1200 °C
change in Madelung potential that accompanies the reductioin UHV.
in the number of nearest neighbors at the surface and any The(100) surface prepared that way shows & 2 recon-
atomic reconstruction that the material undergoes in order tetruction. The structural model of this surface consists of
minimize its surface energy. As such, the measurement ardimers, similar to that of the &i00 surface. In contrast to
analysis of surface chemical shifts provides valuable inforthe Si surface, however, symmetric dimers are predicted for
mation about the structure and bonding arrangements at crythe diamond(100) surface’™*? The bonding between the
tal surfaces. On semiconductor surfaces different compodimer atoms can be viewed as a double bdmdplus o
nents in core-level spectra are usually attributed tdbond.”!By adsorption of one hydrogen atom per surface C
inequivalent atom siteSA case in point is, for example, the atom(coverage® = 1) the 7 bond is broken. The dimers are
work of Landemarket al? performed on the $100 (2 still present, and the bond distance corresponding to a single
X 1)-reconstructed surface. Utilizing high-resolution photo-bond (o bond is enlarged. The resulting surface structure is
electron spectroscopffPES with synchrotron radiation, they the monohydrogenated, >21-reconstructed(100) surface,
were able to resolve four chemically shifted surface compoC(100) 2x 1:H. Surfaces prepared by a microwave hydrogen
nents on the Si @ core line which they attributed to emis- plasma* or grown homoepitaxialff? are believed to exhibit
sion from inequivalent surface and subsurface atoms on thihat kind of surface termination. Support for this comes from
basis of charge transfer arguments, and the intensities of tHggh-resolution electron-energy-loss spectroscopy
surface components relative to the unshifted bulk line. Simi{HREELS,*** scanning tunneling microscop§sTM),*¢’
lar measurements were performed on thdBI) 7x7 sur- and low-energy electron diffractiofLEED).*®*° In prin-
face, where foutor five* surface components could be as- ciple, one can also imagine a bulklike termination of the
signed to the inequivalent surface atoms, again based maintliamond(100 surface with two hydrogen atoms per surface
on charge-transfer arguments. On hydrogen-terminatedtom (® =2). However, the distance between two H atoms
Si(111) surfaces, the total number of surface components isn adjacent surface atoms would be very small. Therefore, it
not yet clea® With a similar intention, here we present a is not yet clear whether this surface structure eXiats not

study of the C % core-level spectra of the clean and exists!®?*??as the observed @1 LEED pattern on me-
hydrogen-terminated111) and (100 surfaces of single- chanically polished surfaces®°taken as a confirmation for
crystalline diamond using high-resolution PES. the Q100 1x1:2H surface might just reflect the symmetry
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TABLE I. Results of the C & core-level analysis for thé€100) surface of diamondAE refers to the
binding-energy shift of the surface component relative to the bulk compowerip the width(FWHM) of
the Gaul3 component in the line fits, and % to the relative contribution of each component to the total
emission intensity. The asterisk marks values that have not been varied during the fit.

(100) surface fhiw (eV) Component AE (eV) wg (eV) %
as prep. 325 Surfacs, +0.50=0.03 1.08 34
Tpre=800 °C BulkB — 0.41 66
305 SurfaceS, +0.50¢ 0.72 19
Bulk B — 0.40 81
as prep. 325 SurfaceS, +0.81+0.01 0.81 55
Tpre~900 °C BulkB — 0.45 45
ann. at 700 °C 325 BulB — 0.51 100
ann. at 325 BulkB — 0.51 62
1050 °C Surfacese —0.90+0.01 0.55 38
305 Bulk B — 0.49 82
SurfaceSc —0.90¢ 0.54 18

of the bulk material beneath a disordered surfddBesides  surface. Its intensity relative to the bulk component scales
the monohydrogenated and the dihydrogengtB@d) sur-  with the mean free path of the photoelectrons, as expected
faces, ordered hydrogen terminations witkc®@<<2 were for emission from the diamond surface. This surface core-
considered as weft'%3202.2However, no experimental level peak is thus considered characteristic of the hydrogen-
evidence for these structures is available as yet. free reconstructed111) and (100 surfaces of diamond.
The diamond structure viewed perpendicular to[th&l]  However, different magnitudes for the chemical shifts have
direction consists of bilayers separated by the bond distancgeen reported in the literature that range from (R&fs. 32
Cutting a crystal between the bilayers leads to the singlgnq 34 to 0.95 eV(Ref. 31 on the(111) surface and from
dangling-bond surface, the cleavage plane of the diamong_g (Refs. 35 and 36to 1.2 eV (Ref. 37 on the (100 sur-
structure. The X1 reconstruction observed on clean dia-¢;.a An exact value as well as a model accounting for the

mond (111 surfaces is usually explained in terms of the ; d itude of th f level shift is lacki
m-bonded chain model of PandéyA termination of every EETOa:OWmagnI ude ot the surtace core level shilt 1s facking

surface atom by one hydrogen atom leads to a bulklike sur- The paper is organized as follows: After a description of

ﬁ;gmsgrtuecctﬁ;?du':[g%& o:-:-hp?tsaiiglu;]fr%?/\?ti ﬁglat\):}mzrg) g(r)%d_ t%xe sample preparation and the experimental conditions in
’ Sec. Il, we present the Cslcore-level spectra for differently

900 °C(Refs. 19 and 28. ;
The (111) surface which is formed by cutting the bilayers treated(111) and (100 surfaces in Sec. lll. In Sec. IV we
attempt an identification of the observed surface core-level

yields three dangling bonds per surface afnple dangling ! g _
bond surfack Two reconstructions are predicted for this sur- Shifts, and we conclude with a summary in Sec. V.
face which are similar in total energy. One is the
(2% 1)-reconstructed Seiwatz single-chain madef and
the other consists of trimers which would form a3( Il. EXPERIMENTAL ASPECTS
X V3)R30° structuré?*3A complete hydrogenation of the
triple dangling-bond surface corresponds to a single
dangling-bond surface completely terminated by methyl
radicals?®

Earlier core-level studies by photoelectron spectroscop
were performed on thé€lll) (Refs. 31-3% and (100 sur-

faces of diamond®~8 The general consensus appears to b H ved s had hanically poli
as follows: The as polished e situcleaved surface has, in e as-received crystals had mechanically polistaD)

addition to the dominant bulk Cslline, some tailing toward 2and cleaved11]) surfaces of about 85 mn? area. In one
higher binding energs? that is in some cases interpreted asaS€ We also used a mechanically polistEtl) surface. At
one or more separate components shifted towards highdfis stage the samples showed very few oxygen containing
binding energy’>*In an earlier paper we attributed this sur- surface contaminants as judged by X@&say-induced pho-
face core-level shift to adsorbed Glr CH, species® The  toelectron spectroscopythat could be completely removed
asymmetric tailing is removed at temperatures below thdy annealing at~=600 °C, and they showed ax11 LEED
temperature necessary to desorb hydrogéspon annealing pattern. Annealing above 950 °C converted both types of
at or above the hydrogen desorption temperature, a line agurfaces to a &1 reconstruction, as expected. However,
pears at lower binding energy in all cases including(t®0) angle-resolved photoemission measurements of the valence

A. Sample preparation

The samples used were commercially available type-llb
diamond single crystals which had boron concentrations of
Ybout 1x 10 cm~3, and were thus sufficiently conductive
0 avoid any charging problems during PES measurements.
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TABLE Il. Same as Table | for th¢111) surface. The asterisk marks values that have not been varied
during the fit.

(111)-Surface ho (eV) Component AE (eV) wg (eV) %
as prep. 325 Surfac, +0.70+=0.02 0.75 41
Tore=800 °C BulkB — 0.53 59
as prep. 325 SurfaceS, +0.75+0.01 0.79 65
Tpre=900 °C BulkB — 0.46 35
light ind. 325 SurfaceS, +0.75 0.73 26
desorption BulkB — 0.68 74
ann. at 325 BulkB — 0.55 93
850 °C SurfaceSg -1.0 0.77" 7
ann. at 325 BulkB — 0.62 45
1050 °C SurfaceSe —1.02+0.01 0.77 55
305 Bulk B — 0.62 59
SurfaceS: -1.0 0.94 41
ann. at 325 BulkB — 0.82 30
1250 °C Surfaceésy —1.13+0.02 0.47 70
305 Bulk B — 0.82 41
SurfaceSp —-1.13 0.55 59

bands showed virtually no features dispersing with emissiofnonochromatdr set to a resolution of 120 meV dtw
angle, and we therefore considered these surfaces insuffi- 300 eV (slit width 100 um) was used to excite the Cs1
ciently ordered. The surface quality was markedly improvedcore electrons. We chose two photon energies, 325 and 305
after “polishing” the samples in a hydrogen plasma as sug-eV, which yield kinetic energies of the CsJphotoelectrons
gested by Thomst al!® and Kittel et al!® To this end, the of ~35 and 15 eV, respectively. At a kinetic energy of 35 eV
surfaces were exposed at a temperature of about 800-900 & are near the minimum in the electron escape déptid

for 10—15 min to a hydrogen plasma maintained by a microA), and the spectra are thus termed “surface sensitive.” At
wave discharge in 50 mbar of,HThis treatment which can 15 eV the electron mean free path is expected to be around
be repeated a few times yields cle@s judged by XPgand, 10 A, and the spectra are termed “volume sensitive.” The
according to Ref. 19, atomically flat surfaces on which theoverall resolutionmonochromator and electron analyzef
2x1 dimerization has been observed for #1160 surface the core-level spectra is estimated to #d30 meV. The
by scanning tunnelling microscoﬁleefore and after dehy- background of inelastically scattered electrons which is

drogenaion at-950 °C, he(lL1) and (100 sufaces ox  *el TS0 & O KTl Tt e onecied b
hibit sharp and strongly dispersing bulk and surface states, %oton energy lower than the emission thresho’ld of thesC 1

has been demonstrated elsewhrdt is these plasma- P = :
polished surfaces that we used for our present investigatio(i/Ore level {o=285 eV), and subtracting the two spectra

The diamond crystals were mounted on a thin Ta foil, an fom each other. The remaining background - could—

. henever necessary—be removed by applying Shirley’s
could be heated by electron bombardment of the Ta foil froggetho&o The spectra so corrected were fitted with convolu-

the back. In t_he high-temperature regime the actual diamongy < of Gaussian and Lorentzian line shagesigt func-
temperature is expected to be considerably lower. In a conjong The smallest value we obtained for the Lorentz width
trol experiment where we placed a Ta sample in place of th?l_ was 0.15 eMfull width at half maximum, FWHM which
diamond specimen to mimic the heat contact between samp|gas subsequently kept fixed in all fits. The width of the
and support, we measured pyrometrically a temperature dif:orentz line reflects the lifetime of the Csicore hole, and
ference of about 150 °C between the dummy Ta “sample”we had no indication that this lifetime was affected in a
and the Ta sample support. The temperatures quote@producible and consistent way by the electronic structure
throughout this paper are therefore the pyrometric temperaof the surface. The value of 0.15 eV By is slightly smaller
tures of the Ta sample support reduced by 150 °C. Even witkhan the 0.18 eV reported by Morat al,>? but still higher
this correction there is a considerable error margin in thehan the theoretical estimate 6f0.1 eV*! Energies in the
diamond temperatures of an estimate&0 °C. core-level spectra will be quoted as binding energies relative
to the C Is bulk component.

B. Photoemission setup and data treatment

. . . IIl. RESULTS
The PE spectra were recorded with a hemispherical elec-

tron energy analyzer at the Berlin synchrotron radiation Because the core-level spectra for tfiell) and (100
source BESSY. A plane-grating monochromatBetersen surfaces differ only in detail, we shall discuss them in paral-
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-g SIA FIG. 2. C 1s core-level spectra of a diamond11) surface,
;; hw=325 eV. Left: prepared at 800 °C, right: prepared at 900 °C.
2 face sensitiveconfirms that this extra emission stems from
= the diamond surface. The intensity and chemical shift of this

surface component depends sensitively on the preparation
—— conditions. After a different plasma treatmefrmominally
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FIG. 1. C 1s core-level spectra of a diamond00 surface
prepared in a microwave hydrogen plasma. Top: prepare@l at
~800 °C (left: Aw=325¢eV, surface sensitive; rightZiw
=305 eV, bulk sensitive Bottom: prepared af~900 °C (hw
=325 eV, surface sensitiye

lel. All relevant data derived from the line-shape analysis are
gathered in Tables | and II, and we will refer to these tables
frequently in what follows. In order to facilitate the discus-
sion, we present our results by defining four different surface
phases. Phase A is that immediately after the plasma treat-
ment. Phase B is obtained after annealing at a temperature
between 450 and 850 °C, and is characterized by a single C
1s component. Phase C is obtained after driving off the hy-
drogen at temperatures above 950 °C, and, in phase D, fi-
nally, graphitization of the diamon¢ll1ll) surface sets in
after annealing at=1250 °C. All annealing steps were per-
formedin sity, and the data presented below were taken at
room temperature. The surfaces were routinely checked for
contamination by monitoring the core-level intensities of the
prevailing adsorbates. It was found that the diamond surfaces
were in general exceptionally clean with no detectable con-
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 & dpectral
region of a(100) surface after plasma preparation at a tem-
perature of 800 °C. In addition to the bulk G line (labeled
B) a component shifted bAE=+0.5 eV toward higher
binding energies is clearly distinguishalf®, in Fig. 1). The
fact that the contribution of this component relative to the FIG. 3. Top: LEED pattern of the as-prepared diam@h6l0)
total C 1s emission increases from 19% to 34% as the phosurface E=94.3 eV. Bottom: LEED pattern of the as-prepared dia-
ton energy changes from 3@Bulk sensitive¢ to 325 eV(sur-  mond(111) surface, E=75.7 eV.
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FIG. 4. C Is core-level spectraf{w=325 eV) of a diamond ﬁ
(117) surface. Left: as prepared, right: after several hours of illumi- g
nation with soft x rays § w>285 eV). ‘@
@
k=
with a somewhat higher substrate temperature-600 °O),
a componen§, (Fig. 1, lower spectrupnarises that is shifted
Pl I ST R T R

by +0.81 eV and contributes 55% to the total € ihtensity
in the “surface-sensitive” 325-eV spectrufalso compare
Table ). The situation is analogous for th&11) surface.
After plasma polishing at 800 °C a surface compon8it
shifted by +0.70 eV with a relative contribution of 41% is 1050 °C. Top:(100 surface(left: 7w =325 eV, surface sensitive;
measured ak w =325 eV(see Fig. 2that is replaced after a right: =305 eV, bulk sensitie Bottom: (111) surface (left:

900 °C plasma preparation step 8y (AE= +0.75 eV) that
now contributes a remarkable 65% to the spectrum. For théve).

(100 surface,

a

sharp

LEED

pattern

of a
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FIG. 6. C 1s core-level spectra of diamond surfaces annealed at

hw=325 eV, surface sensitive; righti =305 eV, bulk sensi-

(2% 1)-reconstructed surface with low background intensitycompare spectra taken from the safddl) surface at the
is observedFig. 3, upper picture The LEED pattern of the beginning of a series of measuremefleft-hand side¢ and
(111 surface corresponds to a well ordered 1 surface
unit mesh(Fig. 3, lower pictur@ For both surfaces the dif-

after several hours of exposure to radiation above 285 eV
(right-hand sidg The intensity of the surface component has

ferent preparation temperatures do not lead to a visiblelropped to about half its initial value without a discernible

change in the LEED pattern. change in chemical shift. Remarkable, however, is that the
The species responsible for the surface core-level shift iSaussian width of the bulk component is markedly increased

apparently sensitive to light induced desorption. In Fig. 4 wefrom about 0.5 eV in all previous spectra to 0.68 eV after

Diamond (100)
T,.,=700°C

B

Intensity (arb. units)

hv=325 eV

Diamond (111)
T,..=850°C
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|

.

hv=325 eV

2 1 0
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-1 -2

Binding Energy rel. to Bulk Component (eV)

FIG. 5. Left: C s core-level spectrum of a diamord00) sur-
face annealed at 700 °C, right: G tore-level spectrum of a dia-
mond(111) surface annealed at 850 °Ew =325 eV.

light-induced desorptiorisee Table ). This points either
toward an inhomogeneous broadening reflecting an extrinsic
subsurface disorder induced by the desorption process, or to
the fact that the larger width is due to intrinsic surface com-
ponents with chemical shifts too small to be resolved. We
will return to this point below. The electron diffraction pat-
tern remains unchanged:x<11.

Phase B: after annealing at 700 °C

The spectrum on the left-hand side of Fig. 5 shows the C
1s spectrum of the diamon@dL00) surface after it had been
annealed at 700 °C for 5 min. It consists of a single line
without a resolved surface component, despite the fact that
the spectrum was taken in the surface-sensitive mode. The
Gaussian widtfFWHM) amounts to 0.51 eV, which is com-
parable to the width measured for the diamd@b#il) surface
after annealing at 850 °{£0.55 eV, Fig. 5, right-hand side
After this higher annealing temperature a small component
Sc on the low-binding-energy side has evolved that will be
discussed in Sec. IV. Here we obviously missed the optimum
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FIG. 7. LEED pattern of a diamon(l11l) surface annealed at
1050 °C,E=106 eV.
annealing temperature and went beyond the point where ]
componentS, has vanished completely without there being . . .
any new component to appear. It is, nevertheless, safe to 2 1 o0 4 2
assume that also on tkig¢11) surface a phase B exists that is Binding Energy rel. to
characterized by the absence of any resolved component Bulk Component (eV)

which can be attributed to the emission from surface atoms.

It is also remarkable that the LEED pattern remains un- FIG. 8. C 1Is core-level spectra of two differerit11) surfaces,
changed in going from phas& to phaseB: it remains 2  plasma hydrogenated and annealed at 105G:%= 325 eV. Top:
X1 on (100 and 1x 1 on(111). polished sample; bottom: cleaved sample.

assume that the surface component indeed consists of at least
two componentdSc and Sy, Table Ill). On the polished
Annealing both diamond surfaces at 1050 °C for 10 min(111) surface only one of them is visible, shifted BE=
yields the spectra depicted in Fig. 6. Now in both cases a-(0.78 eV from the bulk component. For the cleaved surface
surface core-level shift towards lower binding energy ap-a second surface componey with a larger chemical shift
pears in addition to the bulk Cslcomponen(Sc in Fig. 6).  (AE=—1.15 eV) has to be introduced, which is even the
Its origin from the surface is again demonstrated by the dougominant one in that case. It should be mentioned that this
bling in relative intensity o in going from 305-eV photon  component is not responsible for the slight shoulder on the
energy to 325 eV. Despite these similarities there are differtow-binding-energy side of the Csisignal from the polished
ences in detail for the two surfaces. On {60 surface, the  sample which is situated at even higher binding energy but
chemical shift OfSC is —0.90 eV, whereas it is-1.02 eV was not investigated furthéﬁg 8, upper panéﬂ
on (111). Also the intensities differ. Forhiw=325 eV, In Fig. 9 the transition from phase B to phase C is inves-
Is./(Ig+1s.) is 0.38 on(100, whereas the same ratio is tigated in detail for the polishedl11) surface. To this end
0.56 on(111). However, an attempt to quantify the intensi- the sample was annealed at temperatures increasing from
ties on the basis of an inelastic scattering length gave n850 °C in steps of 50 °@25 °C between 1000 and 1050)°C
consistent results because the probe depths in this expetip to 1100 °C, and kept at each temperature for 3 min. Fol-
ment were extremely smal(3-10 A). With this anneal- lowing each step the sample was allowed to cool for 7 min,
ing step the LEED pattern of th@&11) surface changes from and the C % core-level spectrum was measured. Each spec-
1X1 to 2x 1, indicating that a reconstruction of the surfacetrum was at first fitted to the two Voigt functions already
has taken place as observed previouse Fig. 7. The sur-  shown in Fig. 8(upper spectrum The position of compo-
face unit mesh of thg100 surface remains 21 (not nentB as well as the development of the relative intensity of
shown. The spectra of thél11)-oriented sample discussed componentSc as a function of annealing temperature are
so far were obtained on a cleaved surface after it had beesummarized in Fig. 10. It is evident from these figures that
subjected to the hydrogen plasma treatment at elevated terthe phase transition that is signified by the evolution of the
peratures. A remarkable difference in the € dpectrum of surface componer8 is thermally activated, and occurs be-
phase C is observed if a polishétill) surface is subjected tween 850 and 1050 °C. At the same time the phase transi-
to the same treatment. The spectra of a cleaved and a pdien is accompanied by an increase in downward band bend-
ished (111 surface are superimposed in Fig. 8, and theying of 0.5 eV, as witnessed by the corresponding increase in
demonstrate that the surface core-level shift is substantiallthe binding energy of peak B in Fig. 10. A closer look at the
larger on the cleaved surface, compared to the polished suspectra of Fig. 9 reveals an increase in the chemical shift of
face. To obtain a consistent fit of both spectra, one has t&: from —0.65 eV at low intensity to-0.78 eV at the satu-

Phase C: after annealing at 1050 °C
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TABLE lll. Same as Table | for the cleaved and polistigdll) surface after 1050 °C anneal. The asterisk
marks values that have not been varied during the fit.

(111)-surface hw (eV) Component AE (eV) wg (eV) %

polished 325 Bulk — 0.62 49
Surface -0.78 0.62 51

cleaved 325 Bulk — 0.58 45
Surface -0.78 0.60* 22
Surface —-1.15 0.59 33

ration intensity ofS;. The reason for the change in energy It should be mentioned that after heatingTat 1000 °C
separation betweeB; andB is likely due to the fact thaB  the LEED pattern, which has been routinely checked after
consists of two unresolved componer(®, and Bg,y each annealing step, showed a weak12reconstruction for
which we assign to the atoms of the first atomic layer, i.e. tahe first time. The intensity of the half order spots increased
the true surface atomsB(,), and to all subsurface atoms yp to T=1050 °C. Further annealing only led to an increase
(Bpuk)- The surface atoms are those which are involved inpf diffuse backgroundsee below.

the phase transition from phase B to phase C, Byscom-

pletely vanishes fronB in the course of that transition and

transforms intoSc. When Bg,+ and By differ slightly in Phase D: annealing above 1050 °C and graphitization

peak position, an apparent shift of the peak maximur &f For annealing temperatures sf1250 °C further changes
expected which then leads to a corresponding change in thg {he ¢ 1s spectra of the111) and (100 surfaces are ob-
chemical shift betweerS; and B. A consistent fit of all  served. On(111), the intensity ratio of surface component
spectra.shown in Fig. 9 is possible if one assumes that thﬁabeledSD in Fig. 12 to bulk component almost doubles
separation between surfacd() and bulk component (compare the lower set of spectra in Fig. 6 with Fig) 48d
(Bpui) in peakB is 0.15 eV with the true bulk component the syrface chemical shift increases further-tb.13 eV(see

(Bpui) on the high-binding-energy sid@ee Fig. 11 The  Taple . The comparison of the two spectra taken at 325 and
evolution of a nonresolved surface compon@&yf, might

also be responsible for the broadeningBfcaused by the

N I i I i I ' 1 ' | v T
light induced decrease @, in Fig. 4. Note the substantial N 0.5 ) J—
i i : ® Diamond (111) .
constraints that have been imposed on the fit sequence of = o04b /
Fig. 11 and which make the extracted binding energy shift = ' C1s, component B *
betweerBg,; and By, very reliable even when not resolved z03f /
directly: (i) all line positions and linewidths were held con- B s E
stant except for the overall shift due to band bendisee G ook /1.0 eV | ——— F
above; (i) componenB,,, had to be constant in intensity; 2 . /i
(iii ) the combined intensity d,,andS. had to be constant € o1 - .
as well. e /
: — 00F #psevf--""=- Ee
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2 1 0 -1 -2 -3 FIG. 10. Top: Binding-energy shift of the CGsbulk component
Binding Energy Shift (eV) due to the change in band bending as a function of temperature.

*The asterisk indicates the value &f—E,gy=1.0 eV for the
FIG. 9. Development of the Cslcore-level spectra of the pol- hydrogen-free surface taken from Ref. 39. Bottom: Relative inten-
ished (111) diamond surface upon annealilyw=325 eV. The sity of the surface componeBt in the C Is core-level spectra as a
bulk component of the 850 °C spectrum was taken as zero for th&unction of temperature. The line was calculated assuming first-
relative binding-energy scale of the abscissa. order desorption kinetics as explained in the text.
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| BRETALE A BN AL B BN N N N A B B B
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Binding Energy rel. to B, (V)

bulk

FIG. 11. Fit of C Is core-level spectra shown in Fig. 9 by using
three componentB,: bulk componentB,: surface compo-
nent of the monohydrogenatéti1l1) surface;Sq: surface compo-
nent of the hydrogen-freel11) surface.

305 eV, respectively, confirms nevertheless that the species
responsible foiSy reside at the surface. This implies that a ) .
rearrangement of the surface has taken place which involves FIG. 13. Top: LEED pattern of a diamond00) surface an-

. . . nealed at 1250 °CE=101 eV. Bottom: LEED pattern of the dia-
more than just the top layer. Notice also that the width of the ond (111) surface annealed at 1250 “E~ 106 eV. Notice the

bulk component has increased appreciably from 0.5-0.6 e\r}1 in back di : :
) . . t t d to Fig. 7.

(FWHM) in the previous spectra to 0.82 eV after annealing nerease in backgrouind fnfenstty compared fo 19

at 1250 °C while the surface component has substantially

narrowed in the last step: from 0.94 eV in Fig. 6 after the2X1, but the background increases considerably, and streaks

1050 °C anneal to 0.47 eV now. The LEED pattern remainglevelop between first-order spots as demonstrated in the
lower picture of Fig. 13. Annealing th€100) surface at

— T T 1250 °C also leads to an increase in the surface component

Diamond (111) . Sc but much less pronounced_ compared1@1). However,

T,,=1250°C hv=305 eV the LEED pattern has turned into that of x4 reconstruc-

S tion with marked streakingFig. 13, upper pictune Such a

| D SD reconstruction has to our knowledge not been published for

. diamond(100) so far.

hv=325 eV

[ IV. DISCUSSION

Intensity (arb. units)
o

[ \ . A. Identification of phases A-D

The most studied diamond surfaces so far are the clean,
., (2X1)-reconstructed111) and (100 surfaces. The core-
) e level spectra of both surfaces exhibit a surface component
2 1 0 1 =2 2 1 0o -1 -2 shifted by ~0.9 eV toward lower binding energies. If we
compare the literature data with our measurements, we can
identify phase C with the clean diamond surfaces. Strong
FIG. 12. C Is core-level spectra of the diamortdi11) surface  support for this assignment stems from the fact that on sur-
annealed at 1250 °C. Leftiw=325 eV; right:iw =305 eV. faces which were prepared in the very same way the intrinsic

Binding Energy rel. to Bulk Component (eV)
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surface state dispersions were observed in angle-resolvéidn leads to a termination of the dangling bond by a
photoemission, which was demonstrated elsewfiere. hydrogen atom. Alternatively, the hydrocarbons might be
The surface structures which lead to the characteristicracked, part of the hydrogen desorbs, and the remaining C
spectra of phases A and B are not nearly as clear. In all casesoms form a hydrogen-terminated surface layer. Chin
surface atoms other than C and H were below the detectioet al*® adsorbed methyl-radicals on the diamoiid1) sur-
limit of XPS. Therefore only C and H atoms can be involvedface. The termination of the surface by methyl groups could
in these surface structures. By comparing our results to litbe monitored by sum-frequency vibrational spectroscopy.
erature data we come to the conclusion that two scenarios atgpon annealing atT>350 °C, however, their spectra
possible to explain the spectra observed for phases A and Bhanged to the ones characteristic of the monohydrogenated
() Phase A corresponds to the monohydride terminatedurface. A similar process might occur in our experiment in
surface, and phase B is a metastable, hydrogen-free unrecageing from phase A to phase B.
structed[(2X 1)-reconstructed but unrelaxed f(k00)] sur- Methyl radicals are the most simple form of hydrocarbons
face. which could be chemisorbed on the surfaces. Indeed,
(I) Phase A is due to multivalent hydrocarbon termina-HREELS measurements ofilll) surfaces which were
tion, and phase B corresponds to the monohydride surfacegrown homoepitaxially show vibrational modes characteris-
For scenario |, the shift of the surface component in phaséc of methyl groups> In scanning tunneling microscopy,
A (S,) is induced by C-H bonds of the monoatomically protrusions are visible on homoepitaxigl1l) surfaces
terminated surfaces. A light-induced desorption of hydrogemwhich reveal a triangular structure, and they are interpreted
from diamond(111) surfaces was observed by Pateal,*”  as methyl group4® Very recently Schober and Wéfsob-
and could therefore account for the decrease of the surfacserved, by STM, unreconstructed areas on a plasma-
component in Fig. 4. However, given that phase A is charhydrogenated111) surface on which each surface atom was
acteristic of the hydrogen terminated surfaces, what surfaceaturated by a single methyl group, i.e., they provided evi-
structure is responsible for the G $pectra seen in phase B? dence of an ordered(C11) 1X1:3H structure. The differ-
On the(111) surface one can imagine a hydrogen-free, unence between the homoepitaxially grown surfaces and our
reconstructed surface. Theoretical calculations come to difsamples prepared in a microwave hydrogen plasma lies only
ferent conclusions concerning the possibility that a metain the gas mixture used. In homoepitaxial growth a few per-
stable unreconstructed and hydrogen fr@ell) surface cent of a carbon containing g4 most cases methanhis
exists?3%*3 Another possibility is that a small amount of added to the hydrogen plasma. Pressure and sample tempera-
hydrogen is left on the surface, not enough to be seen in thire are usually the same. In a recent paper, Raetes>!
core-level spectra but sufficient to prevent a reconstruction oftated that the effect of smoothing in a hydrogen plasma at
the (111) surface. Yamada and co-work&4°reported that  sample temperatures below 975 °C is induced by surface dif-
a small amount of atomic hydrogdequivalent to 5% of a fusion and not by a simple etching of the surface. We do
monolayey is sufficient to induce the (111)>1  think that our surfaces may therefore be more similar to ho-
—(111) 1X1:H transition. Studying the reverse process onmoepitaxially prepared surfaces than to conventionally pol-
the (111) surface Hamza, Kubiak, and Stufémeported that ished surfaces. The way adsorbates of methyl-radicals show
after the desorption of hydrogen, further annealing is necesup in C 1s core level spectra was investigated by Klauser
sary to induce the reconstruction. This, however, is in conet al®? Indeed, a surface component shifted toward higher
trast with the observations of Lee and Af4iwhich were  binding energies is visible in these spectra, however, the re-
not able to remove the hydrogen completely from th&l)  ported energy difference with respect to the bulk line
surface, even after the reconstruction took place. amounts to 1.5 eV.
The main argument against this interpretation for phases For the (100 orientation, for surfaces grown
A and B, however, is the following: While for thél1l)  homoepitaxially®>>3or samples prepared in a microwave hy-
surface a reconstruction is necessary to go from phadleé A drogen plasméa? no evidence for surfaces terminated other
terminated 1< 1) to phase GH free, 2<1), no change of than by a single H per surface C atom has been reported so
reconstruction is necessary in the same transition on thtar. Nevertheless, we believe that the structure of the sur-
(100 surface, as witnessed by the LEED pattern. It is thufaces in the three phases can be described following scenario
harder to imagine a metastable intermediate phase B on theas follows.
(100 surface; and yet the corresponding G dore level (i) The core-level spectra of phase A are characteristic of
signature(a single peak Bis observed on both surfaces.  diamond surfaces that are partially covered by hydrocarbon
For scenario I, emission from adsorbed hydrocarbons isnolecules, possibly methyl groups, for which experimental
responsible for the surface componeBjsand S, in phase evidence at least ofl11) surfaces has already been given.
A. Again there are several possibilities left for phase B. TheThus the surface core-level compon&atis due to emission
fact that the decrease of compon&atdoes not directly lead from C atoms in adsorbed hydrocarbons.
to the componen§: implies that(i) no dangling bonds are (i) Upon mild annealing T<750 °C), these adsorbates
formed by the desorption of the adsorbates(iigrthe mere  desorb or break up, and a monohydrogenated surface evolves
existence of dangling bonds is not sufficient to induce thelphase B. No distinct chemically shifted surface component
characteristic spectra of phase C. For the second alternativeas been resolved for this phase. As shown in Sec. lll, a
one is left with the same problems as before in scenario Isystematic study of the transition from phases B to C reveals
Case(i) might imply that either the adsorbates are only phy-a chemical shift of~0.15 eV between the surface and bulk
sisorbed on a monohydrogenated surface, or they are chen@itoms of phase B, which we consequently interpret as the
sorbed and an exchange reaction takes place, i.e., the desonremical shift of the monohydride C-H groups. Note that
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this chemical shift is opposite in sign from the one induced
by the multivalent hydrogen termination of the adsorbates of
phase A.

(i) Annealing above the hydrogen desorption tempera-
ture leads to the clean diamond@d00) and (111) surfaces
(phase @, and the componer8; is therefore due to surface
atoms that undergo the characteristie 2 Pandey chain re-
construction on the(111) or the relaxation tom-bonded
dimers on thg100 surface.

(iv) Further annealingT> 1250 °C) leads to a formation
of a 4x 1 reconstruction on thél00 surface; thg111) sur-
face starts to graphitizéphase D with the corresponding
surface componen8y being very narrow(0.47 eV} and
shifted by —1.13 eV with respect to the bulk component.

In{In{[1-s(-1)/s,.] / [1-s()/s_ 1}

B. Kinetics of the transition of phases B-C P U U N [ S
74 76 7.8 8.0 8.2 8.4 8.6

The transition from phase B to phase C is the most inter- .
esting because it involves the reconstruction or relaxation of 1T (107 K")
the hydrogen-freg111) or (100) surface, respectively. For _ :
scenario I the desorption of hydrogen is necessary in addi- "'C; 14- Arthenius plot for the conversion r&T) of surface
. . S . ... _atoms from phase B to phase[Eq. (7)]. For details, see text. The
tion. Therefore, we have studied the kinetics of this transmor]. d o ‘3 q
in more detail on the polished 11) surface. As discussed in Ine corresponds to an activation energy of 3.4 eV, and an attempt
: to escape frequency of A810° s,

connection with Figs. 10 and 11, this transition is thermally

activated and the relevant parameter is the activation energy,, during the whole phase transition, and that the contribu-

Eac- If we assume that the appearance of the surface conjo, of bk atoms td 5 remains constant. We then define the
ponentSc signals the transformation of a surface Carbonintensity ratios:

atom from a state B’ to a state “S¢,” the rate at which

this transformation occurs is given by the Polanyi-Wigner

equation ng(t)
s(t)=ls /o=

4

NSurface+ NBqu
dng(t) B dng(t)
dt dt

=ng(t)™v exgd —E o/ (kgT)]. (1
s(0" exl ~Baa/(keT)]- (D where Ng,ace Stands for the total number of surface atoms

per unit area which remains constant during the phase tran-
sition: Ngiface= Ne(t) +Ng(t) =const. N, corresponds to
the effective lateral density of atoms which contribute to the
bulk signal.

By defining the saturation valug,,

ng(t) [ng(t)] is the number of surface atoms in stat8:"’

(“ Bguif') per unit aream the order of the phase transition

with possible values from zero to twae, the so-called at-

tempt frequencywhich is a true frequency only for m1),

T the surface temperature, akg the Boltzmann constant.
For a stepwise annealing as performed in our case the ls

densities of atoms in stateBy,,{" after two consecutive an- Ssat::_c

nealing steps—1 andi are related according to ot

N Surface

®)

T=1050 °C NSurface+ NBqu

one obtains a recursive equation similan® for the inten-
Ng,i=ng;_1-exp{— vAt; exd — B,/ (kgT)]}, (2 Sity ratioss; :

Si ( Si—l)
—=1-F/|1- . (6)

whereAt; is the duration and; the surface temperature of Seat

the annealing step This recursive equation can be derived
by integrating Eq.(1), taking the activation energ,. as . . _ .
constant, and assuming first-order kinetiossl:(l).ac'tl'he Using Eq.(3) the conversion of Eq(6) into an Arrhenius

double exponential factor representation yields

Fi=exp{— vAt; exp(—Eac/ (KgT) 1} =ngi/ng -1 (3 Eaet 1

:|n(VAti)—k—B? . (7)

inln 1_Sifllssat
1-s;/Sga

just describes the decrease in the number of atoms still await-
ing thermal conversion from stai,,;to Sc.

It is a safe assumption that the surface atergsandng  The parameters andE . follow directly from a straight line
contribute with the same sensitivity to the photoemission sigfit when plotting the left-hand side di7) versus 1T; (Fig.
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14). For the attempt frequency and the activation energy, weesults in the rather large chemical shift of compongat
obtain the best fit values ofr=7.5x10'"2s! and towards lower binding energies. Both arguments surmise, of
E..=3.4 eV+0.4 eV, respectively. This activation energy is course, that the initial state shift of surface C atoms that are
in good agreement with the activation energy of 3.5 eV foronly bonded to C, and have no dangling bond are negligible
the desorption of hydrogen from th@11) surface of dia- by comparison.

programmed desorption measurements. the polished and the cleavetlll) surface after annealing at

1050° has to be explained. The maximum shift of the surface
componentS¢ on the(111) surface is observed on the par-
C. Sign and magnitude of the core-level shifts tially graphitized surface after annealing atl250 °C(see
o o } ] Fig. 12 and Table )| and amounts to 1.13 eV. Virtually the
Shifts in core-level binding energies are usually discussedame chemical shift is derived in Fig. 8 for the additional
in terms of initial- and final-state effec?g.The initial-state component from the fit of the spectrum taken on the cleaved
contribution is that part of the chemical shift that would besyrface. This component is missing on the polished surface
obtained if binding energies were correctly described by(Fig. 8 and Table Ill. An obvious explanation would be that
Koopmans’ theorem As such it takes into account the dif- even at 1050° the cleaved surface is already partially graphi-
ferences in the one electron Hartree-Fock potential seen hyzed. As it has been shown that a graphitization of (thkl)
the different electron orbitals from which photoelectrons aresurface starts at surface imperfectiGhs® The different be-
emitted. In the simplest approximation the initial state shifthavior of the two surfaces might just reflect the differences in
can be estimated by the differences in the valence charggurface quality.
density of inequivalent atoms. The charge transfer in turn is
related to differences in electronegativities of the bonding V. CONCLUSIONS
partners. Final state effects are related to the reaction of the gy studying the carbon < core level of single crystal
remaining (N—1)-electron system to the emission of the diamond (100 and (111) surfaces polished in a hydrogen
photoelectron(relaxation). If the relaxation energy of two plasma, we were able to distinguish four different forms of
systems can be assumed to be the same, core-level shifigrface termination. The as-prepared surfaces exhibit a sur-
reduce to initial-state shifts. face core level which is shifted by 0.5-0.8 eV toward higher
The core-level shift of compone, cannot be explained binding energy compared to emission from bulk carbon at-
in terms of a simple electrostatic initial-state shift. The elec-oms. The intensity of this surface component depends sensi-
tronegativity of hydrogen is lower than that of carb@l vs  tively on preparation conditions. We attribute this compo-
2.5 on Pauling’s scalé’ A charge transfer from hydrogen to nent to emission from adsorbed hydrocarbons. Upon
carbon, as expected by the respective electronegativities, @nealing at 650 °C, the core-level spectra are characterized
not unreasonable. It accounts for the negative electron affiby a single line. We were not able to resolve a surface com-
ity of hydrogen-terminated surfac8s®°8-%py forming a  ponent; however, an indication for the true surface contribu-
surface dipole layer which lowers the work function. Thetion is an apparent change in surface core-level shift between
surface C atom is then expected to exhibit a surface corebulk line and surface component of the hydrogen-frEED)
level shift toward lower binding energies. This should holdsurface upon further annealing. From a consistent fit to a
for the monohydrogenated 11) and (100 surfaces(phase whole sequence of annealing steps, we deduce a surface
B) but even more for the adsorbed hydrocarb(ptzgase A. core-level shift of —0.15 eV on the monohydrogenated
Indeed, we can deduce for the unresolved surface Bgak (111 surface.
which we attribute to C atoms bonded to H, a shift of 0.15 Annealing at 1050 °C leads to the spectra characteristic
eV toward lower binding energy. However, 8, the com-  for the hydrogen-free, (2 1)-reconstructed11l) and (100
ponent attributed to emission from the adsorbed hydrocarsurfaces of diamond, which exhibit a surface component
bons, a shift in the opposite direction is observed althouglshifted towards lower binding energy by 0.8 and 0.9 eV for
the same electrostatic arguments as before are valid. Thike (111) and(100 surfaces, respectively. Differences in the
implies that the contribution of the relaxation energy to thecore-level spectra between a polished and a cledtéd)
chemical shift dominates. sample can be explained by a partial graphitization of the
The importance of the relaxation energy in photoelectorcleaved surface. The transition from the monohydrogenated
spectra of hydrocarbons was demonstrated by Pireauto the hydrogen-free, reconstructed surfaces is thermally ac-
et al®! The C 1s binding energy of linear alkanes decreasestivated with an activation energy of 3.4 eV, consistent with
with increasing chain length due to a more efficient screenthermal-desorption experiments. Finally, at 1250 °C the
ing of the photohole. Extending this result to a hydrocarbon(111) surface starts to graphitize. The emission from carbon
molecule adsorbed on diamond, we would expect that thatoms of graphitic areas appears at a binding energy
screening of the C 4. core hole located on the adsorbate is—1.1 eV lower than the emission from the bulk diamond
less efficient than for one on the surface of diamond wherearbon atoms. Annealing temperatures of 1250 °C leads to a
screening from the half-space of C atoms is possible. A small X1 reconstruction on thél00) surface; a model for this
negative initial-state shift on account of the ionicity of the reconstruction is lacking.
C-H bond is thus overcompensated for by the reduction in The signs and magnitudes of the core-level shifts, notably
relaxation energy compared to the “bulk” diamond atoms.of the component which is attributed to adsorbed hydrocar-
On the clean surfaces, howeverzébonding of the surface bons cannot be explained in terms of a simple initial-state
atoms evolves which leads to a more effective screening of ahift. Therefore we conclude that on diamond surfaces the
photohole at a surface atom compared to the bulk whichielaxation energy, i.e., the response of the surrounding elec-
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