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Surface electronic states of the partially hydrogenated diamond C„100…-„2Ã1…:H surface
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Surface electronic states of the partially hydrogenated diamond C(100)-(231):H surface were studied by
near-edge x-ray absorption fine structure and C 1s core level photoemission. Partially hydrogenated surfaces
were prepared by synchrotron irradiation of the monohydride-terminated surface or by hydrogen adsorption on
the clean surface. A new surface core-exciton state produced at a photon energy of 282.5 eV has been assigned
to single dangling bonds of the partially hydrogenated surface. Monitoring this new feature has been found to
be a powerful method to study hydrogen kinetics during~i! photon irradiation of a fully hydrogenated diamond
surface,~ii ! adsorption of atomic hydrogen on a clean diamond surface, and~iii ! photon irradiation of a fully
hydrogenated surface followed by thermal annealing. From the analysis of dangling-bond distribution, it
follows that no preferential pairing of hydrogen on the C-C dimers occurs during hydrogen adsorption at room
temperature. In contrast, thermal annealing induces pairing of the single dangling bonds into thep-bonded
configuration, the pairing process being accompanied by hydrogen desorption. This observation suggests that
the activation barrier of hydrogen thermal diffusion is only slightly lower than that of thermal desorption.

DOI: 10.1103/PhysRevB.63.165421 PACS number~s!: 78.70.Dm, 79.20.La, 79.60.Bm, 73.20.At
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I. INTRODUCTION

In recent years the electronic structure of the hydro
nated and clean diamond surfaces has been a topic of
interest. This is motivated by the fact that the properties
diamond surfaces depend strongly on the presence of hy
gen. The hydrogenated diamond surface shows a neg
electron affinity~NEA!, whereas the clean surface has a po
tive electron affinity.1 This makes the hydrogenated diamo
surface an excellent candidate for fabrication of hig
efficiency photon detectors.2 Another property of hydrogen
is to passivate the surface towards chemical reactivity. A
removing hydrogen atoms at selected areas on the sur
one can take advantage of the enhanced reactivity of
resulting dangling bonds for producing templates. Nanof
rication on such templates has been already successfully
formed using selective oxidation, nitridation, and metalliz
tion of the patterned Si(100)-(231):H surface.3 To
precisely control and characterize the formation and
physical and chemical properties of hydrogenated and/or
hydrogenated areas on diamond surfaces, it is essenti
know the electronic structure of the various hydrogena
and dehydrogenated surface sites.

All previous studies of the C(100)-(231) surface have
been limited so far to clean or fully hydrogenate
surfaces,4–6 and nothing is known about the partially hydr
genated surfaces. In this paper, we investigate the electr
structure of partially hydrogenated C(100)-(231) diamond
surfaces using near-edge x-ray absorption fine struc
~NEXAFS! and C 1s photoemission spectroscopy. Partia
hydrogenated diamond surfaces are produced either by
ton irradiation using an unmonochromatized synchrotron
diation or by atomic hydrogen exposure of the clean surfa
In addition to the surface electronic states previously
0163-1829/2001/63~16!/165421~9!/$20.00 63 1654
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served on the clean diamond surface, a new surface c
exciton state has been discovered and assigned to single
gling bonds on the surface. This new ability of usin
NEXAFS spectroscopy to monitor amounts of single da
gling bonds andp-bonded dangling bonds is demonstrated
be a powerful tool for exploring the kinetics of hydroge
surface processes. This is illustrated here by exploring
hydrogen surface processes during photon irradiation of
fully hydrogenated surface, atomic hydrogen adsorption
the clean surface, and thermal annealing of the alre
photon-irradiated surface.

II. EXPERIMENT

A semiconducting boron-doped~type II b! natural single-
crystal diamond with a polished surface of the~100! direc-
tion ~size 13630.2 mm) was used in our study. Prior t
insertion into a ultrahigh vacuum chamber (P54
310211Torr) the diamond surface wasex situsaturated with
hydrogen in a microwave~MW! hydrogen plasma at 800 °C
for 1 h. The details on the hydrogenation procedure can
found elsewhere.7

The clean diamond surface was preparedin situ by resis-
tively heating the hydrogenated C(100)-(231):H surface
mounted on a molybdenum holder. As the diamond is tra
parent in the infrared light range, which is commonly used
monitor the temperature with a pyrometer, the following pr
cedure to control the annealing process was used. The N
peak in secondary-electron emission spectra, which is a c
acteristic of the hydrogenated surface, was used as an
cation of the hydrogen presence on the surface. The diam
was heated at a certain temperature~measured on the molyb
denum holder! for 1 min; then it was cooled down an
secondary-electron spectra were recorded. In case the su
©2001 The American Physical Society21-1
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still demonstrated negative electron affinity, the anneal
was repeated at 20–30 °C higher temperature. The proce
was stopped when the NEA peak completely disappea
This procedure, which relies on the hydrogen coverage o
eliminates any risk of overheating and graphitization of
diamond surface.

The activated hydrogen adsorption was donein situ on the
clean diamond C(100)-(231) surface. Hydrogen was intro
duced into the UHV chamber through a variable leak va
via a liquid-nitrogen trap. The activation of molecular hydr
gen at a pressure of 1028– 1027 Torr for 1 to 10 min depend-
ing on the exposure dose was done using a tungsten filam
heated at 1800 °C and located at about 1 cm from the sam
The efficiency of the hot filament to dissociate molecu
hydrogen is not known. Therefore the adsorption doses w
calculated by multiplying the hydrogen pressure~Torr! and
the exposure time~sec!.

Photoemission C 1s spectra were recorded using the sy
chrotron radiation source of Super-ACO in Orsay. In orde
improve the surface sensitivity the photon energy was c
sen to be 318 eV so that the kinetic energy of escaping Cs
photoelectrons was around 35 eV. This kinetic energy co
sponds to the minimum of the electron escape depth
provides the highest possible surface sensitivity of the p
toemission spectra.8 Emitted photoelectrons were analyze
using a hemispherical electrostatic analyzer with a 250 m
resolution. No charging effects were observed at the app
photon fluxes. The background of secondary electrons
subtracted from the C 1s photoemission spectra. This bac
ground was recorded at 325 eV photon energy in the s
electron kinetic energy range as the C 1s spectra, since a
this photon energy the appropriate separation with C 1s pho-
toelectrons could be achieved.

NEXAFS spectra were recorded in the partial electr
yield mode by detecting secondary electrons of 35 eV kin
energy. As in the case of C 1s photoemission, the 35 eV
kinetic energy was chosen in order to achieve the high
surface sensitivity. The photon energy was calibrated us
the second absolute band gap of diamond at 302.4 eV~Ref.
9!.

Both NEXAFS and photoemission spectra were recor
at the photon incident angle of 68° in order to further im
prove the surface sensitivity. In our experimental setup
angle between the photon beam and the electron ana
axis was 90°. Thus, the electron emission angle (ue) was
determined by the preset incident angle and was always
Both C 1s photoemission and NEXAFS spectra were n
malized to the photon flux using the drain current from
gold mesh as a monitor of the photon beam intensity.

The irradiation of the diamond surface was carried ouin
situ at room temperature using the synchrotron radiat
source. The hydrogenated diamond C(100)-(231):H sur-
face was exposed to the unmonochromatized (hn
5150– 600 eV) synchrotron radiation~zero order of the
monochromator! for up to 2 h. The relative irradiation dose
were calculated by multiplying the gold mesh current~mA!
with the irradiation time~min!.
16542
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III. RESULTS

We used two methods for producing the partially hydr
genated diamond C(100)-(231):H surface. In the first
method we started from the monohydride-terminated surfa
Hydrogen was partially removed from this surface
photon-stimulated desorption using synchrotron radiation
an excitation source. In the second method we started f
the clean diamond surface. Atomic hydrogen was then
sorbedin situ to produce a submonolayer coverage. In ord
to study the surface electronic structures and to characte
the dangling-bond distribution on the surface, C 1s photo-
emission and NEXAFS spectra were recorded.

A. Partially hydrogenated surface prepared by photodesorption

Starting from the fully hydrogenated surface as produc
by microwave hydrogenation, we first checked the Cs
structure by photoemission. The ‘‘as-prepared’’ surfa
shows two components in the C 1s photoemission spectrum
@Fig. 1~a!#. The main peak, labeledB, is assigned to the
bulk/monohydride C 1s component.10 The SH component,
located at higher binding energies, is assigned to the Cx

groups on the surface, which are known to be produced
microwave hydrogenation.10 In order to achieve the pure
monohydride termination and to remove the CHx impurities,
mild thermal annealing was donein situ. The annealing of
the as-prepared diamond surface was repeated several

FIG. 1. C 1s photoemission spectra of the hydrogenated d
mond C~100!-~231!:H surface:~a! ‘‘as MW-hydrogenated’’ and
~b! the MW-hydrogenated surface after mild annealing. The op
circles and dotted lines represent the original C 1s spectra and the
background of secondary electrons, respectively. The thin s
lines represent the deconvoluted C 1s components~see Appendix
A!. The thick solid lines~almost coincident with the original spec
tra! represent the superposition of the deconvoluted C 1s compo-
nents. The shadow area represents theSH component.
1-2
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SURFACE ELECTRONIC STATES OF THE PARTIALLY . . . PHYSICAL REVIEW B63 165421
at progressively increased temperature until theSH shoulder
in the C 1s photoemission spectra completely disappea
@Fig. 1~b!#.

The monohydride-terminated surface, prepared by suc
way, was then irradiated with synchrotron radiation at diff
ent doses in order to vary the hydrogen coverage
the surface. The corresponding C 1s photoemission and
NEXAFS spectra are shown in Fig. 2~a! and 2~b!, respec-
tively. The following changes in the C 1s spectra were ob-
served during the irradiation. The bulk componentB was
slightly shifted to higher binding energies@Fig. 2~a!#. Simul-
taneously, the shoulderSC appears in the spectra@Fig. 2~a!#.

Considering the NEXAFS spectra, we will concentrate
the surfaceresonances, i.e., the resonances appearing in
band gap below the bulk excitation threshold. The bulk

FIG. 2. ~a! C 1s photoemission spectra and~b! NEXAFS spec-
tra of the fully hydrogenated diamond C~100!-~231!:H surface as a
function of the synchrotron irradiation dose: curveA, no irradiation
was done; curveB, 51 mA min, curveC, 210mA min; and curveD,
344 mA min. ~a! The open circles and dotted lines represent
original C 1s spectra and the background of secondary electro
respectively. The thin solid lines represent the deconvoluted Cs
components~see Appendix A!. The thick solid lines~almost coin-
cidencent with the original spectrum! represent the superposition o
the deconvoluted C 1s components. The shadow areas represent
SC component~see Sec. IV A!. For each irradiation dose the hydro
gen coverage (uH) was calculated by Eq.~1! as described in Sec
IV A. ~b! The diamond bulk exciton is shown in the insert.
16542
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citon, appearing in all NEXAFS spectra at 289.3 eV phot
energy, is shown in the insert of Fig. 2~b!. In other NEXAFS
spectra only the position of the bulk exciton is indicate
Significant changes induced by the irradiation are obser
in the NEXAFS spectra@Fig. 2~b!#. The ExC-H peak, initially
observed on the monohydride-terminated surface, decre
in intensity and gradually transformed into a should
@curvesB–D in Fig. 2~b!#. A peak, labeled Ex2, appears at
lowest irradiation dose@curve B in Fig. 2~b!#. At higher
doses~curvesC andD! the Ex2 peak continues to increase i
intensity, while another peak, labeled as Ex1, appears in the
spectra and increases in intensity as well.

B. Partially hydrogenated surface prepared
by in situ hydrogen adsorption

Hydrogen was adsorbedin situ on the clean diamond sur
face at doses in the 2–132 L range (1 L51 Langmuir
51026 Torr sec). The corresponding C 1s photoemission
and NEXAFS spectra as a function of hydrogen exposure
shown in Figs. 3~a! and 3~b!, respectively. The following
changes in the C 1s photoemission spectra@Fig. 3~a!# are
observed. The bulk componentB is slightly shifted to lower
binding energies, whereas theSC shoulder gradually de-
creases in intensity and finally disappears at high expos
doses. The NEXAFS spectra were changed significantly d
ing the hydrogen adsorption@Fig. 3~b!#. The ExC-H peak re-
appears in the spectra. The Ex1 peak, dominating the spec
trum of the clean surface@curve A in Fig. 3~b!#,
monotonically decreases in intensity and finally disappear
high adsorption doses. More complex behavior is dem
strated by the Ex2 peak. This peak, which does not exist o
the clean surface@curveA in Fig. 3~b!#, appears at the lowes
adsorption dose~curve B!, reaches its maximum at abou
8–16 L ~curvesC andD!, and then decreases down to rea
a very low intensity at an adsorption dose of 132 L~curveF!.

C. Thermal annealing of the partially hydrogenated surface

Finally, we studied the influence of thermal annealing
the dangling-bond distribution of the partially hydrogenat
surface. For that purpose, in a separate experiment, the
tially hydrogenated surface was prepared by synchrotron
radiation at a certain dose. Then, the partially hydrogena
surface was annealed at progressively increasing temp
tures until the clean diamond surface was obtained. The
mond temperature was not measured in this case, altho
the annealing process was controlled by the method
scribed in Sec. II. After each annealing step the sample
cooled down to room temperature and C 1s and NEXAFS
spectra were recorded@Figs. 4~a! and 4~b!, respectively#.
During the annealing, the bulk componentB is shifted to
higher binding energies, whereas theSC shoulder increases
in intensity with the annealing@Fig. 4~a!#. The Ex1 peak
intensity in the NEXAFS spectra@Fig. 4~b!# monotonically
increases until it reaches the maximum on the clean surf
The Ex2 peak gradually decreases in intensity and disappe
@curveD in Fig. 4~b!# before the clean surface is obtained
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IV. DISCUSSION

Diamond bulk exciton, located at 289.3 eV photon ene
@insert of Fig. 2~b!#, was observed in all the NEXAFS spect
of clean, fully hydrogenated, and partially hydrogenated d
mond C~100!-(231) surfaces. Both the intensity and th
position of the bulk exciton were independent of the surfa
treatment. The bulk exciton is known to be 0.25 eV bel
the conduction band minimum11 ~CBM!.

We have observed four surface resonances, Ex1, Ex2,
Ex3, and ExC-H in the NEXAFS spectra of the diamon
C~100!-(231) surface@Figs. 2~b!, 3~b!, and 4~b!#. The Ex1
and Ex3 resonances, located at 283.8 and 286.0 eV pho
energies, respectively, have been previously assigned to
surface core resonances associated withp-bonded dangling
bonds of the C-C dimers on the clean diamond C~100!-(2
31) surface.11 The ExC-H resonance located at 287.1 eV w
previously observed on the fully hydrogenated surface
the first time by Hoffmanet al.and interpreted as an electro
transition from C 1s level to the unoccupieds* antibonding

FIG. 3. ~a! C 1s photoemission spectra and~b! NEXAFS spec-
tra of the clean diamond C~100!-~231) surface as a function hy
drogen exposure: curveA, no adsorption was done; curveB, 2 L;
curveC, 8 L; curveD, 16 L; curveE, 32 L; and curveF, 132 L. ~a!
The same notation for the symbols and curves as in Fig. 2~a! was
used. The shadow areas represent theSC component~see Sec.
IV A !. For each adsorption dose the hydrogen coverage (uH) was
calculated by Eq.~1! as described in Sec. IV A.
16542
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state of the C-H monohydride.9 This assignment was con
firmed later by Graupneret al.11

In this paper we report a new resonance Ex2, located at a
282.5 eV photon energy, which is characteristic of the d
mond C~100!-(231) surface with a submonolayer covera
only. In Sec. IV B we will discuss the origin of this Ex2
resonance and its correlation with the H coverage in term
single dangling bonds produced on the partially hydro
nated diamond surface. We will demonstrate in Sec. IV
that the Ex2 resonance provides unique possibility to calc
late quantitatively the distribution of dangling bonds betwe
single andp-bonded configurations and to shed light on t
kinetics of hydrogenation/dehydrogenation processes on
diamond surface.

A. Characterization of the partially hydrogenated
C„100…-„2Ã1…:H surface

To clarify the processes occurring on the diamond surf
under hydrogen adsorption, synchrotron irradiation, and th

FIG. 4. ~a! C 1s photoemission spectra and~b! NEXAFS spec-
tra of the hydrogenated diamond C~100!-~231!:H surface, synchro-
tron irradiated at a certain dose, as a function of thermal annea
curve A, no annealing was done; curvesB–E, progressively in-
creased temperature.~a! The same notation for the symbols an
curves as in Fig. 2~a! was used. The shadow areas represent theSC

component~see Sec. IV A!. For each annealing step the hydrog
coverage (uH) was calculated by Eq.~1! as described in Sec. IV A
1-4
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SURFACE ELECTRONIC STATES OF THE PARTIALLY . . . PHYSICAL REVIEW B63 165421
mal annealing, we will now analyze the corresponding Cs
photoemission spectra@Figs. 2~a!, 3~a!, and 4~a!#. The pho-
toemission spectra of the partially hydrogenated and cl
diamond surfaces were slightly shifted towards higher bi
ing energies compared with the fully hydrogenated surfa
This is due to band-bending effects accompanying hydro
desorption.10 This phenomenon is, however, beyond of o
scope in this study. In this paper we will consider the inte
sity and the width of the C 1s components only. The C 1s
spectra were deconvoluted as described in Appendix A. T
C 1s components only were derived from the actual shape
the photoemission spectra:~i! a bulk componentB, which
coincides with the monohydride component of t
C~100!-~231!:H surface,10 and ~ii ! a SC, component which
is observed only on the clean surface and has been p
ously assigned to surface carbon dimers.10 The SH compo-
nent, observed previously on the MW-hydrogena
surface10 and assigned to the CHx species, is not detected i
the C 1s spectra@Figs. 2~a!, 3~a!, and 4~a!#.

We analyzed the width of the bulk componentB ~see
Appendix A and Table I! in order to estimate the degree
disordering possibly introduced on the surface by hydro
adsorption, synchrotron irradiation, and thermal anneal
Indeed, the width of the C 1s line shape has been demo
strated to be very sensitive to the surface defects.12 In Table
I we can see that theB component as well as theSC compo-
nent has essentially the same width for the cle
synchrotron-irradiated, and hydrogen-adsorbed surface
follows that no surface disordering and /or defect format
is expected to exist on the partially hydrogenated diam
surfaces in our case.

Thus, we conclude that the variation of theSC peak inten-
sity in the C 1s photoemission spectra in Figs. 2~a!, 3~a!, and
4~a! corresponds to the variation of the hydrogen covera
The hydrogen coverage (uH) was calculated using deconvo
luted intensities as

uH512SC~uH!/SC~clean!, ~1!

whereSC(uH) is the intensity of theSC component at cover
ageuH andSC ~clean! is the intensity of theSC component
for the clean surface.

TABLE I. Deconvolution of the C 1s photoemission spectra o
the diamond C(100)-(231) surfaces.

Surface
C 1s

components
Chemical
shift ~eV!

FWHMa

~eV!

As MW-hydrogenated B 0.62
SH 10.8 0.98

Hydrogen adsorbed
~fully hydrogenated!

B 0.65

Thermal annealed B 0.62
~clean! SC 20.9 0.63

Synchrotron irradiated B 0.64
~partially

hydrogenated!
SC 20.75 0.61

aGaussian full width at half maximum.
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B. Surface resonances as a tool to monitor dangling
bonds on the partially hydrogenated surface

We will now explain the behavior of the NEXAFS reso
nances during synchrotron irradiation@Fig. 2~b!# and hydro-
gen adsorption@Fig. 3~b!# in terms of hydrogen interaction
with dangling bonds. Under hydrogen adsorption,p-bonded
dangling bonds of the clean surface are gradually satur
by hydrogen. As a result, the intensities of the Ex1 and Ex3
resonances decrease and that of the ExC-H resonance in-
creases@Fig. 3~b!#. The reverse process occurs during sy
chrotron irradiation of the hydrogenated surface: lig
induced C-H bond breaking createsp-bonded dangling
bonds on the surface. Consequently, the intensity of the1
and Ex3 resonances increases and the intensity of the ExC-H
resonance decreases@Fig. 2~b!#.

We stress that the behavior of the Ex2 resonance is more
complex. The Ex2 resonance does not exist on either the fu
hydrogenated surface@curveA in Fig. 2~b!# or on the clean
surface@curveA in Fig. 3~b!#. It appears only on the surfac
with a submonolayer hydrogen coverage. We suggest
the Ex2 resonance originates from the single dangling bon
existing on the diamond surface at a submonolayer hydro
coverage. In the following we will demonstrate that this su
gestion explains the unusual behavior of the Ex2 resonance
intensity during hydrogen adsorption. In Sec. IV C we w
show that this is fully consistent with the dangling-bond d
tribution at submonolayer hydrogen coverage.

The single andp-bonded dangling bonds on the partial
hydrogenated surface are shown schematically in Fig. 5.
p-bonded paired dangling bonds are the only type of d
gling bonds on the clean surface and, consequently, the1
and Ex3 resonances are only present on the clean sur
@curveA in Fig. 3~b!#. When a hydrogen atom adsorbs on
clean C-C dimer, it suppresses the electronic coupling

FIG. 5. Schematics of dangling bonds on the hydrogenated
mond C~100!-~231!:H surface at a submonolayer coverage. T
dangling bonds are shown as gray areas whereas the white c
represent hydrogen adatoms. The black circles of different size
resent carbon atoms.
1-5
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KIRILL BOBROV et al. PHYSICAL REVIEW B 63 165421
tween dangling bonds and produces an uncoupled si
dangling bond:

. ~2!

As a result, the Ex2 resonance appears in the NEXAFS spe
trum @curveB in Fig. 3~b!#. Further hydrogen adsorption o
the clean dimers increases the Ex2 resonance intensity@curve
C in Fig. 3~b!#. However, with the increased amount
single dangling bonds another adsorption channel, nam
hydrogen adsorption on the single-occupied dimers, beco
important:

. ~3!

At high H coverage this channel dominates the adsorpt
Consequently, the Ex2 resonance decreases in intensity a
finally disappears on the fully hydrogenated surface@curves
D –F in Fig. 3~b!#.

The single dangling bonds should also exist on the surf
prepared by synchrotron irradiation. Indeed, light irradiatio
breaking single C-H bonds in the double occupied dime
produces single dangling bonds

~4!

and the Ex2 resonance appears in the spectra@Fig. 2~b!#. The
second C-H bond breaking of the singly occupied dim
creates a cleanp-bonded dimer

~5!

accounting for the increased intensity of the Ex1 and Ex3
resonances in Fig. 2~b!.

Now we will analyze the origin of the electronic trans
tions giving rise to the Ex1, Ex2, and Ex3 surface resonances
As it was demonstrated by Moraret al., the electronic states
of the diamond C~111!-(231) surface could be classifie
according their position in the band gap.8 The electronic
states, lying below the Fermi level, were interpreted as s
face core excitons whose energy is influenced by str
electron-hole interaction at the surface.8 By contrast, the
electronic states above the Fermi level were assigned to
occupied dangling-bond surface states.8

The binding energy of theB component of thein situ fully
hydrogenated surface~284.5 eV! was taken as an actual po
sition of the Fermi level in the band gap. From this the bu
diamond exciton is derived to be 4.8 eV~289.3–284.5 eV!
above the Fermi level. The CBM was recently reported to
0.25 eV above the bulk exciton energy.6 The valence-band
maximum ~VBM ! is located 5.47 eV~diamond band gap!
below the CBM~Ref. 13!. This makes the Fermi level to b
located 0.42 eV above the VBM. This is in reasonable agr
16542
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ment with the value ofEF2EVBM50.3 eV reported for a
highly-boron-doped semiconducting diamond1 (NB
51016cm23).

The ExC-H , Ex1, Ex2, and Ex3 binding energies were cal
culated from the NEXAFS corresponding resonance ener
by assuming an electron-independent model and by con
ering that the binding energy of the C 1s hole is either that of
the clean diamond surface (SC component at 283.8 eV! or
that of the bulk diamond@B component at 284.5–284.7 e
~Ref. 14!#. The results are shown in Figs. 6~a! and 6~b!,
respectively. As mentioned by Graupneret al., one should
use the binding energy of the C 1s bulk diamond only if one
assumes that the surface shift is mainly due to final-s
effects rather than initial-state effects.6 In fact, it is very dif-
ficult to predict whether final-state effects dominate ov
initial-state effects in the surface shift of the C 1s binding
energy. However, we note that this has an important con
quence on the assignment of Ex1, Ex2, and Ex3 states.

The Ex3 resonance always has a positive binding ene
independently of which effects—initial state@Fig. 6~a!# or
final state@Fig. 6~b!#—dominate on the surface. Thus, th
Ex3 surface resonance most probably corresponds to
electronic excitation into unoccupiedp* -antibonding states

FIG. 6. Schematics illustrating position of the Ex1, Ex2, and Ex3
surface resonances with respect to the Fermi level. Binding ener
of the resonances were calculated assuming the binding energ
the C 1s hole to be~a! 283.8 eV, which corresponds to the clea
surface dimers (SC component!, and ~b! 284.5 eV, which corre-
sponds to the bulk diamond~B component!.
1-6
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FIG. 7. Dangling-bond distribution on the partially hydrogenated diamond C~100!-~231!:H surface prepared by~a! hydrogen adsorption
on the clean surface and synchrotron irradiation of the fully hydrogenated surface and~b! synchrotron irradiation of the fully hydrogenate
surface followed by thermal annealing. The dotted, crossed, and hollow symbols correspond to hydrogen adsorption, synchrotron i
and thermal annealing procedures, respectively. These symbols represent the experimentally deduced values whereas the s
represent the numerical solution of kinetic equations~see Appendix B!. The squares and circles represent the single and paired~p-bonded!
dangling-bond configurations, respectively.
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of the clean dimers as was recently suggested by Grau
et al.11 The assignment of the Ex1 resonance is more com
plicated. In Fig. 6~b!, the Ex1 state is below the Fermi leve
and should therefore be considered as a core exciton sta
discussed by Graupneret al.,11 whereas in Fig. 6~a! it is
slightly above the Fermi level and could be assigned to
unoccupied surface state like the ExC-H state. The assignmen
of the Ex2 resonance is unambiguous: this resonance re
sents a core surface exciton since it is always well below
Fermi level whatever the assumption on the binding ene
of the C 1s hole.

C. Distribution of dangling bonds on the diamond
C„100…-„2Ã1…:H surface with a submonolayer hydrogen

coverage

Considering that the Ex2 core surface exciton is associate
with the single dangling bonds, whereas the Ex1 resonance
corresponds to thep-bonded paired dangling bonds, allow
us to quantitatively evaluate the dangling-bond distribut
between these two configurations. The importance st
from the fact that dangling-bond pairing partially reduc
their unsaturated character15 and, consequently, influence
the surface reactivity.

Here we deduce the dangling-bond distribution from
intensities of Ex1 and Ex2 resonances in the NEXAFS spe
tra. Then, the experimentally determined distribution is co
pared with that obtained by modeling the processes
scribed by Eqs.~2!–~5! ~thereafter the random distributio
model!. Both procedures are described in Appendix B. T
dangling-bond distribution of the partially hydrogenated s
face was derived in various situations. The first correspo
to the case where no thermal effect is expected on
dangling-bond distribution. It is valid for hydrogen adsor
tion ~Fig. 3! and synchrotron irradiation~Fig. 2!. The second
situation corresponds to the case in which thermal effe
play an essential role. This is valid when the dangling-bo
16542
er
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e-
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e

-
e-

e
-
s
e

ts
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distribution, initially achieved by synchrotron irradiation,
modified by thermal annealing~Fig. 4!. The dangling-bond
distributions for these two situations are shown in Fig. 7. T
distributions are quite different. It can be seen in Fig. 7~a!
that for the nonthermal processes the single dangling bo
exist in the whole range of hydrogen coverage. The amou
of the dangling bonds can be properly described by assum
that after synchrotron irradiation the single dangling bon
created by hydrogen-atom photodesorption, are rando
distributed over the surface without any pairing effect. Sim
larly, it is assumed that after atomic hydrogen exposure
the clean surface, the hydrogen atoms are randomly dis
uted again without any pairing effect. Indeed, in the who
coverage range (uH) the experimentally measured amoun
of single dangling bonds@circles in Fig. 7~a!# and paired
dangling bonds@squares in Fig. 7~a!# correlate well with the
theoretically calculated values@solid lines in Fig. 7~a!#.

The results shown in Fig. 7~b! demonstrate that the as
sumption of random distribution and absence of pairing
fect is no more valid after thermal annealing. The data in F
7~b! relate to an experiment in which we start with
synchrotron-irradiated surface so that 10% of the surface
drogen has been photodesorbed @uH
50.90 monolayer~ML !#. At this point both single dangling
bonds andp-bonded dangling bonds exist on the surfac
and their amounts are described properly by the random
tribution model. Then the surface is progressively heated
that the hydrogen coverage decreases to 0.88, 0.71, 0
0.44, and 0 ML~clean surface!. It is seen in Fig. 7~b! that the
number of single dangling bonds is much smaller~except at
0 ML! than expected from the random distribution mod
whereas the number ofp-bonded dangling bonds is highe
than expected from this model. We conclude that the rand
distribution model fails in this case.

From the results in Fig. 7~a! and 7~b! the important infor-
mation on the kinetics of surface-related processes may
1-7
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KIRILL BOBROV et al. PHYSICAL REVIEW B 63 165421
obtained. First, it can be concluded that little or no prefer
tial pairing of hydrogen adatoms on C-C dimers occurs d
ing hydrogen adsorption at room temperature. It means
the rebonding of the dangling bonds~and, consequently, th
surface hydrogen adatoms! into the more thermodynamicall
favorablep-bonded configuration is limited by the very lo
mobility of hydrogen adatoms. Indeed, the activation bar
for hydrogen hopping on the diamond C(100)-(231) sur-
face was calculated to be at least 2.62 eV~Ref. 16!. Second,
it can be seen that at elevated temperatures~the case of ther-
mal annealing!, the thermal-induced redistribution of hydro
gen adatoms does occur and results in pairing both hydro
adatoms and dangling bonds on separate dimers. In that
thep-bonding formation on the clean C-C dimers represe
the driving force for pairing. The pairing, however, occu
simultaneously with hydrogen desorption, as can be see
Fig. 7~b!. It implies that the activation energy of the hydr
gen diffusion is only slightly lower than the activation e
ergy of hydrogen desorption.

V. SUMMARY AND CONCLUSIONS

Surface electronic states of the partially hydrogenated
mond C~100!-~231!:H surface have been studied b
NEXAFS and C 1s photoemission. The partially hydroge
nated surfaces were prepared by~i! synchrotron irradiation of
the fully hydrogenated surface and~ii ! hydrogen adsorption
on the clean diamond surface. A new Ex2 resonance, in ad
dition to the Ex1 and Ex3 resonances of the clean surfac
was observed on the partially hydrogenated surface. T
resonance is located below the Fermi level and is assigne
single dangling bonds on the surface. Thus, the ability
monitor amounts of both single (Ex2) and p-bonded (Ex1)
dangling bonds on the surface has been used to study
kinetics of ~i! synchrotron irradiation of the fully hydroge
nated surface,~ii ! atomic hydrogen adsorption on the cle
surface, and~iii ! thermal annealing of the surface that h
already been under synchrotron irradiation. No preferen
pairing of hydrogen on the C-C dimers was found duri
hydrogen adsorption at room temperature. By contrast, t
mal annealing induces pairing of the single dangling bo
into the p-bonded configuration. The pairing process is a
companied with hydrogen desorption. We believe that t
method of monitoring the relative amounts of single a
p-bonded dangling bonds can be very powerful for kinet
studies of a large number of other processes on diam
surfaces.
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APPENDIX A

The C 1s photoemission spectra shown in Figs. 1~a!, 1~b!,
2~a!, 3~a!, and 4~a! were deconvoluted assuming a mixe
Gaussian-Lorenzian line shape~Voigt function! for each C
1s component. The number of C 1s components for each
photoemission spectrum was determined from the second
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rivative spectra (2d2N/dE2 vs E!. An example of the
2d2N/dE2 curve is shown in Fig. 8~c!. Three components
only, namely,B, SH , andSC, were found by the deconvolu
tion analysis. For each C 1s component three parameters—
the Gaussian width, binding energy, and intensity—w
varied independently and the best-fit criteria was used in
deconvolution. The smallest value of the Lorenz width th
allowed us to fit all the C 1s spectra properly was found t
be 0.19 eV, and this value was kept fixed throughout
deconvolution.

All the C 1s photoemission spectra were successfully d
convoluted. Deconvolution of the C 1s spectrum of the clean
surface is shown in Fig. 8~a!. It can be seen that the supe
position of theB andSC components@thick solid line in Fig.
8~a!# properly describes the experimental data@open circles
in Fig. 8~a!#. The residual spectrum, taken as the differen
between the experimentally measured and synthesized s
tra @open circles in Fig. 8~b!#, is completely flat and has ver
low intensity comparable with the noise level. The results
the deconvolution are summarized in Table I. The chem
shifts of the clean surfaceSC and hydrocarbonSH compo-
nents were found to be20.9 and10.8 eV, respectively~see
Table I!. This agrees well with the previously reporte
values.10

APPENDIX B

We deduced the dangling-bond distribution on the d
mond C~100!-~231!:H surface using~i! Ex1 and Ex2 exciton
intensities and~ii ! a numerical solution of kinetics equation

FIG. 8. Deconvolution of the C 1s photoemission spectrum re
corded on the clean diamond C~100!-~231) surface.~a! Open
circles represent the original data, thin solid lines represent the
convoluted C 1s components, the dotted line shows the bac
ground, and the thick solid line represents the superposition of th
1s components~synthesized spectrum!. ~b! The open circles repre
sent residual values remaining after subtracting the synthes
spectrum from the original spectrum.~c! Second derivative~nega-
tive! of the original photoemission spectrum taken numerically.
1-8
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SURFACE ELECTRONIC STATES OF THE PARTIALLY . . . PHYSICAL REVIEW B63 165421
for hydrogen adsorption/desorption processes.
~i! The material balance on the diamond surface at a s

monolayer coverageuH may be written as

uNOD1uSOD1uDOD51, ~B1!

whereuNOD, uSOD, anduDOD are the portions of the surfac
covered by nonoccupied, singly occupied, and doubly oc
pied dimers, respectively. The hydrogen coverage is, co
quently,

uH5uDOD10.5uSOD. ~B2!

Taking into account that each singly occupied dimer c
tains one carbon associated with the single dangling bo
whereas each nonoccupied dimer contains two carbons a
ciated with the paired dangling bonds, we can write

Ex152kuNOD,

Ex25kuSOD, ~B3!

where Ex1 and Ex2 are the intensities of the correspondin
excitons andk is a coefficient.
ci
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Solving Eqs.~B1!–~B3! together we obtain

upaired
DB 5uNOD5~12uH!Ex1/~Ex11Ex2),

usingle
DB 5uSOD52~12uH!Ex2/~Ex11Ex2), ~B4!

whereupaired
DB andusingle

DB are the amounts of paired and sing
dangling bonds, respectively. These amounts are plotte
circles (upaired

DB ) and squares (usingle
DB ) in Fig. 7.

~ii ! The numerical solution of kinetics equations~2!–~5!
was done as follows. The reaction rates were assumed t
proportional to the amounts of corresponding dimers at
particular hydrogen coverage. Hydrogen adsorption on
clean surface was assumed to occur on both clean and s
occupied dimers independently. The same adsorption p
ability of hydrogen was assumed for both clean and sin
occupied dimers. Similarly, the same cross section
photon-stimulated desorption was assumed for doubly
singly occupied dimers. In both cases of hydrogen adsorp
and light-induced desorption, no hydrogen diffusion was
sumed to occur on the diamond surface. The results
shown in Fig. 7 as solid lines.
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