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Surface electronic states of the partially hydrogenated diamond (100)-(2X1):H surface
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Surface electronic states of the partially hydrogenated diamond {(T001):H surface were studied by
near-edge x-ray absorption fine structure andsCdre 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 dufinghoton irradiation of a fully hydrogenated diamond
surface (ii) adsorption of atomic hydrogen on a clean diamond surface(iangbhoton 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 intdbahded
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.
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|. INTRODUCTION served on the clean diamond surface, a new surface core-

In recent years the electronic structure of the hydroge_ex0|t0n state has been discovered and assigned to single dan-

nated and clean diamond surfaces has been a topic of Iarg%\iEng bonds on the surface. This new ability of using
interest. This is motivated by the fact that the properties o XAFS spectroscopy to monitor amounts of single dan-

diamond surfaces depend strongly on the presence of hydr%—IIng bonds andr-bonded dangling bonds is demonstrated to

gen. The hydrogenated diamond surface shows a negativee a powerful tool for_expk_)ring the kinetics of hydr_ogen
electron affinity(NEA), whereas the clean surface has a posi_surface processes. This is illustrated here by exploring the

tive electron affinity: This makes the hydrogenated diamond hydrogen surface processes d““'f‘g photon irradiation. of the
surface an excellent candidate for fabrication of high-fu"y hydrogenated surface, atomic hydro_gen adsorption on
efficiency photon detectofsAnother property of hydrogen the clean s_urface, and thermal annealing of the already
is to passivate the surface towards chemical reactivity. Aﬁephoton-lrradlated surface.

removing hydrogen atoms at selected areas on the surface,
one can take advantage of the enhanced reactivity of the
resulting dangling bonds for producing templates. Nanofab- A semiconducting boron-dopddype 11 b) natural single-
rication on such templates has been already successfully pesrystal diamond with a polished surface of t0 direc-
formed using selective oxidation, nitridation, and metalliza-tion (size 1X6Xx0.2mm) was used in our study. Prior to
tion of the patterned Si(10(2x1):H surface® To insertion into a ultrahigh vacuum chamberP4
precisely control and characterize the formation and the<10 !Torr) the diamond surface wax situsaturated with
physical and chemical properties of hydrogenated and/or dérydrogen in a microwavéMW) hydrogen plasma at 800 °C
hydrogenated areas on diamond surfaces, it is essential for 1 h. The details on the hydrogenation procedure can be
know the electronic structure of the various hydrogenatedound elsewheré.

and dehydrogenated surface sites. The clean diamond surface was prepareditu by resis-

All previous studies of the C(100(2X 1) surface have tively heating the hydrogenated C()0(2Xx 1):H surface
been limited so far to clean or fully hydrogenated mounted on a molybdenum holder. As the diamond is trans-
surfaced; ® and nothing is known about the partially hydro- parent in the infrared light range, which is commonly used to
genated surfaces. In this paper, we investigate the electronimonitor the temperature with a pyrometer, the following pro-
structure of partially hydrogenated C(9)0(2Xx 1) diamond cedure to control the annealing process was used. The NEA
surfaces using near-edge x-ray absorption fine structurpeak in secondary-electron emission spectra, which is a char-
(NEXAFS) and C Is photoemission spectroscopy. Partially acteristic of the hydrogenated surface, was used as an indi-
hydrogenated diamond surfaces are produced either by phoation of the hydrogen presence on the surface. The diamond
ton irradiation using an unmonochromatized synchrotron rawas heated at a certain temperattmeasured on the molyb-
diation or by atomic hydrogen exposure of the clean surfacedenum holder for 1 min; then it was cooled down and
In addition to the surface electronic states previously obsecondary-electron spectra were recorded. In case the surface

IIl. EXPERIMENT
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still demonstrated negative electron affinity, the annealing
was repeated at 20—30 °C higher temperature. The procedure
was stopped when the NEA peak completely disappeared.
This procedure, which relies on the hydrogen coverage only,
eliminates any risk of overheating and graphitization of the
diamond surface.

The activated hydrogen adsorption was donsitu on the
clean diamond C(106(2X% 1) surface. Hydrogen was intro-
duced into the UHV chamber through a variable leak valve
via a liquid-nitrogen trap. The activation of molecular hydro-
gen at a pressure of 18—10"7 Torr for 1 to 10 min depend-
ing on the exposure dose was done using a tungsten filament
heated at 1800 °C and located at about 1 cm from the sample. ' S
The efficiency of the hot filament to dissociate molecular
hydrogen is not known. Therefore the adsorption doses were
calculated by multiplying the hydrogen pressif®rr) and
the exposure timéseg.

Photoemission C 4 spectra were recorded using the syn-
chrotron radiation source of Super-ACO in Orsay. In order to Binding energy (eV)

improve the surface SenSItIVItY th? photon energy Was cho- FIG. 1. C 1s photoemission spectra of the hydrogenated dia-
sen to be 318 eV so that the kinetic energy qf escaping C 1ond Q100-(2x1):H surface:(a) “as MW-hydrogenated” and
photoelectrons was around 35 eV. This kinetic energy COIe,) the MW-hydrogenated surface after mild annealing. The open
sponds to the minimum of the electron escape depth angcies and dotted lines represent the original €spectra and the
provides the highest possible surface sensitivity of the phopackground of secondary electrons, respectively. The thin solid
toemission spectfaEmitted photoelectrons were analyzed lines represent the deconvoluted & domponentgsee Appendix
using a hemispherical electrostatic analyzer with a 250 me\A). The thick solid linegalmost coincident with the original spec-
resolution. No charging effects were observed at the applietia) represent the superposition of the deconvolutedsGdmpo-
photon fluxes. The background of secondary electrons waRents. The shadow area representsSheomponent.

subtracted from the Cslphotoemission spectra. This back-

ground was recorded at 325 eV photon energy in the same . RESULTS

electron kinetic energy range as the & 4pectra, since at
this photon energy the appropriate separation withs@Ho-
toelectrons could be achieved.

(@ B

Intensity (arb. units)

282 283 284 285 286 287

We used two methods for producing the partially hydro-
genated diamond C(1pg2x1):H surface. In the first
NEXAFS spectra were recorded in the partial electronmethOd we started from the monohydride-terminated surface.

yield mode by detecting secondary electrons of 35 eV kineti ydrogen_ was partially _remov_ed from this 5“”"?‘0? by
energy. As in the case of Cslphotoemission, the 35 eV photon-stimulated desorption using synchrotron radiation as

kinetic energy was chosen in order to achieve the highesg‘n excitation source. In the second method we started from

surface sensitivity. The photon energy was calibrated usin € cle_an F:hamond surface. Atomic hydrogen was then ad-

the second absolute band gap of diamond at 302.4ReY. orbedin situ to produce a supmonolayer coverage. In ordgr

9). to study the surface .ele.ctro'mc structures and to characterize

Both NEXAFS and photoemission spectra were recorde&he_dang“ng'bond distribution on the surface, € ghoto-

at the photon incident angle of 68° in order to further im- emission and NEXAFS spectra were recorded.

prove the surface sensitivity. In our experimental setup the

angle between the photon beam and the electron analyzg‘r

axis was 90°. Thus, the electron emission anglg) (was '

determined by the preset incident angle and was always 22°. Starting from the fully hydrogenated surface as produced

Both C 1s photoemission and NEXAFS spectra were nor-by microwave hydrogenation, we first checked the € 1

malized to the photon flux using the drain current from astructure by photoemission. The *“as-prepared” surface

gold mesh as a monitor of the photon beam intensity. shows two components in the G photoemission spectrum
The irradiation of the diamond surface was carriediout [Fig. 1(@]. The main peak, labele®, is assigned to the

situ at room temperature using the synchrotron radiatiorbulk/monohydride C & component® The S;; component,

source. The hydrogenated diamond C(tQR2x1):H sur- located at higher binding energies, is assigned to thg CH

face was exposed to the unmonochromatizetdry ( groups on the surface, which are known to be produced by

=150-600eV) synchrotron radiatiofzero order of the microwave hydrogenatiolf. In order to achieve the pure

monochromatarfor up to 2 h. The relative irradiation doses monohydride termination and to remove the Qhkipurities,

were calculated by multiplying the gold mesh currénf\) mild thermal annealing was dorie situ. The annealing of

with the irradiation time(min). the as-prepared diamond surface was repeated several times

Partially hydrogenated surface prepared by photodesorption
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citon, appearing in all NEXAFS spectra at 289.3 eV photon
energy, is shown in the insert of Fig(k. In other NEXAFS

bulk exgito: spectra only the position of the bulk exciton is indicated.
Significant changes induced by the irradiation are observed
in the NEXAFS spectr@Fig. 2(b)]. The Ex._y peak, initially
observed on the monohydride-terminated surface, decreased
in intensity and gradually transformed into a shoulder
[curvesB-D in Fig. 2(b)]. A peak, labeled Ex appears at
lowest irradiation dosdcurve B in Fig. 2(b)]. At higher
dosedcurvesC andD) the Ex peak continues to increase in
intensity, while another peak, labeled as,Eappears in the
spectra and increases in intensity as well.

=

Int. (arb. units)

286 288 290
Photon energy (V)

EX2 Exl EXC:

B. Partially hydrogenated surface prepared
by in situ hydrogen adsorption

Hydrogen was adsorbed situ on the clean diamond sur-
face at doses in the 2-132 L range (%1Langmuir
=10 ®Torrsec). The corresponding Cs Iphotoemission
and NEXAFS spectra as a function of hydrogen exposure are
shown in Figs. 8) and 3b), respectively. The following
changes in the C 4 photoemission spectiigig. 3a)] are
observed. The bulk componeBtis slightly shifted to lower
binding energies, whereas tl&- shoulder gradually de-
creases in intensity and finally disappears at high exposure
doses. The NEXAFS spectra were changed significantly dur-
. ing the hydrogen adsorptidirig. 3(b)]. The Ex_ peak re-

. N
' ST FETE U TN RWO

Intensity (arb. units)
Intensity (arb. units)

smesees-e-ecococco-a-e-hulk exciton

12390 F s o0 aday

282 284 286 282 284 286 288 290 appears in the spectra. The ;Bxeak, dominating the spec-

trum of the clean surfacecurve A in Fig. 3b)],
monotonically decreases in intensity and finally disappears at

FIG. 2. (8) C 1s photoemission spectra ar) NEXAFS spec-  high adsorption doses. More complex behavior is demon-
tra of the fully hydrogenated diamondID0-(2x1):H surface as a  Strated by the Expeak. This peak, which does not exist on
function of the synchrotron irradiation dose: cureno irradiation  the clean surfackcurveA in Fig. 3(b)], appears at the lowest
was done; curv®, 51 A min, curveC, 210 uA min; and curveD, adsorption dosedcurve B), reaches its maximum at about
344 yAmin. (@ The open circles and dotted lines represent the8—16 L (curvesC andD), and then decreases down to reach
original C 1s spectra and the background of secondary electronsa very low intensity at an adsorption dose of 13&lrveF).
respectively. The thin solid lines represent the deconvolutecs C 1
componentgsee Appendix A The thick solid linegalmost coin-
cidencent with the original spectrymepresent the superposition of  C. Thermal annealing of the partially hydrogenated surface
the deconvoluted Cdcomponents. The shadow areas represent the
Sc componen{see Sec. IV A For each irradiation dose the hydro-
gen coverage ;) was calculated by Eql) as described in Sec.
IV A. (b) The diamond bulk exciton is shown in the insert.

Binding energy (eV) Photon energy (eV)

Finally, we studied the influence of thermal annealing on
the dangling-bond distribution of the partially hydrogenated
surface. For that purpose, in a separate experiment, the par-
tially hydrogenated surface was prepared by synchrotron ir-
at progressively increased temperature until $heshoulder radiation at a certain dose. Then, the partially hydrogenated
in the C 1s photoemission spectra completely disappearedgurface was annealed at progressively increasing tempera-
[Fig. 1(b)]. tures until the clean diamond surface was obtained. The dia-
The monohydride-terminated surface, prepared by such sond temperature was not measured in this case, although
way, was then irradiated with synchrotron radiation at differ-the annealing process was controlled by the method de-
ent doses in order to vary the hydrogen coverage omscribed in Sec. Il. After each annealing step the sample was
the surface. The corresponding G photoemission and cooled down to room temperature and € dnd NEXAFS
NEXAFS spectra are shown in Fig(é® and 2b), respec- spectra were recordefFigs. 4a) and 4b), respectively.
tively. The following changes in the Cslspectra were ob- During the annealing, the bulk componeBtis shifted to
served during the irradiation. The bulk compon&twas higher binding energies, whereas t8g shoulder increases
slightly shifted to higher binding energi¢Big. 2(a)]. Simul-  in intensity with the annealingFig. 4@]. The Ex peak
taneously, the should& appears in the spectf&ig. 2@)].  intensity in the NEXAFS spectrgFig. 4(b)] monotonically
Considering the NEXAFS spectra, we will concentrate onincreases until it reaches the maximum on the clean surface.
the surfaceresonances, i.e., the resonances appearing in thEhe Ex peak gradually decreases in intensity and disappears
band gap below the bulk excitation threshold. The bulk ex{curveD in Fig. 4b)] before the clean surface is obtained.
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@ B

(b) pEx,

-- bulk exciton

Intensity (arb. units)

Intensity (arb. units)
Intensity (arb.units)
Intensity (arb. units)

Seeessesesecccccccctcatcncecnceeooeoon - bulk exciton

A
§ Y TOTTRTTORY IO !
: TR P 282 284 286 282 284 286 288 290
282 284 286 282 284 286 288 290 Binding energy (eV) Photon energy (eV)
Binding energy (eV) Photon energy (¢V) FIG. 4. (a) C 1s photoemission spectra arfld) NEXAFS spec-

tra of the hydrogenated diamondXD0-(2X1):H surface, synchro-
tron irradiated at a certain dose, as a function of thermal annealing:
curve A, no annealing was done; curv8s-E, progressively in-
creased temperaturéa) The same notation for the symbols and
curves as in Fig. @) was used. The shadow areas representhe
componentsee Sec. IV A For each annealing step the hydrogen
coverage ) was calculated by Eq1) as described in Sec. IV A.

FIG. 3. (a) C 1s photoemission spectra aifh) NEXAFS spec-
tra of the clean diamond (C00)-(2x 1) surface as a function hy-
drogen exposure: curv&, no adsorption was done; curé 2 L;
curveC, 8 L; curveD, 16 L; curveE, 32 L; and curver, 132 L.(a)
The same notation for the symbols and curves as in Ra).\Ras
used. The shadow areas represent $aecomponent(see Sec.
IV A). For each adsorption dose the hydrogen coveragg as
calculated by Eq(1) as described in Sec. IV A.
state of the C-H monohydrideThis assignment was con-
firmed later by Graupneet al!

Diamond bulk exciton, located at 289.3 eV photon energy In this paper we report a new resonance,Hzcated at a
[insert of Fig. 2b)], was observed in all the NEXAFS spectra 282.5 eV photon energy, which is characteristic of the dia-
of clean, fully hydrogenated, and partially hydrogenated diamond G100-(2Xx1) surface with a submonolayer coverage
mond G100-(2x 1) surfaces. Both the intensity and the only. In Sec. IVB we will discuss the origin of this Ex
position of the bulk exciton were independent of the surfacegesonance and its correlation with the H coverage in terms of
treatment. The bulk exciton is known to be 0.25 eV belowsingle dangling bonds produced on the partially hydroge-
the conduction band minimurh(CBM). nated diamond surface. We will demonstrate in Sec. IVC

We have observed four surface resonances, Bk, that the Ex resonance provides unique possibility to calcu-
Ex;, and Ex. in the NEXAFS spectra of the diamond late quantitatively the distribution of dangling bonds between
C(100)-(2x 1) surface[Figs. Ab), 3(b), and 4b)]. The Ex  single andm-bonded configurations and to shed light on the
and Ex resonances, located at 283.8 and 286.0 eV photokinetics of hydrogenation/dehydrogenation processes on the
energies, respectively, have been previously assigned to ti§éamond surface.
surface core resonances associated wiionded dangling
bonds of the C-C dimers on the clean diamond.@D)- (2
x 1) surface'! The Ex. resonance located at 287.1 eV was
previously observed on the fully hydrogenated surface for
the first time by Hoffmaret al. and interpreted as an electron  To clarify the processes occurring on the diamond surface
transition from C & level to the unoccupied* antibonding under hydrogen adsorption, synchrotron irradiation, and ther-

IV. DISCUSSION

A. Characterization of the partially hydrogenated
C(100)-(2X1):H surface
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TABLE I. Deconvolution of the C & photoemission spectra of single dangling bonds
the diamond C(100(2x 1) surfaces.

C1s Chemical FWHM?

Surface components shift (eV) (eV)

As MW-hydrogenated B 0.62

Sy +0.8 0.98

Hydrogen adsorbed B 0.65
(fully hydrogenategl

Thermal annealed B 0.62

(clean Sc -0.9 0.63

Synchrotron irradiated B 0.64

(partially Sc -0.75 0.61

hydrogenated

L «

8Gaussian full width at half maximum.

mal annealing, we will now analyze the corresponding<C 1 n-bonded dangling bonds
photoemission spectidrigs. 4a), 3(a), and 4a)]. The pho-
toemission spectra of the partially hydrogenated and clean FIG. 5. Schematics of dangling bonds on the hydrogenated dia-
diamond surfaces were slightly shifted towards higher bindmond Q100-(2x1):H surface at a submonolayer coverage. The
ing energies compared with the fully hydrogenated surfacedangling bonds are shown as gray areas whereas the white circles
This is due to band-bending effects accompanying hydrogefgpresent hydrogen adatoms. The black circles of different size rep-
desorptiont® This phenomenon is, however, beyond of ourresent carbon atoms.
scope in this study. In this paper we will consider the inten-
sity and the width of the C 4 components only. The Csl
spectra were deconvoluted as described in Appendix A. Two
C 1s components only were derived from the actual shape of We will now explain the behavior of the NEXAFS reso-
the photoemission spectré) a bulk componenB, which ~ nances during synchrotron irradiatipig. 2(b)] and hydro-
coincides with the monohydride component of thegen adsorptiofFig. 3(b)] in terms of hydrogen interaction
C(100-(2x1):H surface'® and (i) a Sc, component which ~ with dangling bonds. Under hydrogen adsorptiarhonded
is observed only on the clean surface and has been prewlangling bonds of the clean surface are gradually saturated
ously assigned to surface carbon diméJhe S, compo- by hydrogen. As a result, the intensities of the, Bxd Ex
nent, observed previously on the MW-hydrogenated€ésonances decrease and that of the_ fxesonance in-
surfacé® and assigned to the GHpecies, is not detected in creasegFig. 3b)]. The reverse process occurs during syn-
the C 1s spectrg[Figs. Za), 3(a), and 4a)]. chrotron irradiation of the hydrogenated surface: light-
We analyzed the width of the bulk componeBt(see induced C-H bond breaking creates-bonded dangling
Appendix A and Table)lin order to estimate the degree of bonds on the surface. Consequently, the intensity of the Ex
disordering possibly introduced on the surface by hydroge@nd Ex resonances increases and the intensity of theEx
adsorption, synchrotron irradiation, and thermal annealingtesonance decreasgsg. 2(b)].
Indeed, the width of the Cslline shape has been demon- ~ We stress that the behavior of the Fesonance is more
strated to be very sensitive to the surface defchs. Table ~ complex. The Exresonance does not exist on either the fully
| we can see that thB component as well as ti& compo-  hydrogenated surfadeurve A in Fig. 2(b)] or on the clean
nent has essentially the same width for the cleansurface[curveA in Fig. 3(b)]. It appears only on the surface
synchrotron-irradiated, and hydrogen-adsorbed surfaces. With a submonolayer hydrogen coverage. We suggest that
follows that no surface disordering and /or defect formationthe Ex resonance originates from the single dangling bonds
is expected to exist on the partially hydrogenated diamonexisting on the diamond surface at a submonolayer hydrogen
surfaces in our case. coverage. In the following we will demonstrate that this sug-
Thus, we conclude that the variation of tBg peak inten-  gestion explains the unusual behavior of the, Eesonance
sity in the C 1s photoemission spectra in Figga®, 3(a), and  intensity during hydrogen adsorption. In Sec. IVC we will
4(a) corresponds to the variation of the hydrogen coverageshow that this is fully consistent with the dangling-bond dis-
The hydrogen coveragedy;) was calculated using deconvo- tribution at submonolayer hydrogen coverage.

B. Surface resonances as a tool to monitor dangling
bonds on the partially hydrogenated surface

luted intensities as The single andr-bonded dangling bonds on the partially
hydrogenated surface are shown schematically in Fig. 5. The
0=1—Sc(0y)/Sc(clean, (1)  m-bonded paired dangling bonds are the only type of dan-

gling bonds on the clean surface and, consequently, the Ex
whereS¢(6y) is the intensity of théSc component at cover- and Ex resonances are only present on the clean surface
age 6y and S¢ (clean is the intensity of theSc component [curveA in Fig. 3b)]. When a hydrogen atom adsorbs on a
for the clean surface. clean C-C dimer, it suppresses the electronic coupling be-
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tween dangling bonds and produces an uncoupled single (a)
dangling bond: (b)
vwg 5 0% | ——— : e
5:10\ — oK . 2 bulk exciton bulk exciton
As a result, the Exresonance appears in the NEXAFS spec- 4 4
trum [curve B in Fig. 3(b)]. Further hydrogen adsorption on
the clean dimers increases the,Egsonance intensifycurve
C in Fig. 3(b)]. However, with the increased amount of > 3 3
single dangling bonds another adsorption channel, namely @,
hydrogen adsorption on the single-occupied dimers, becomes 5, Ex, +2.3 ¢V
important: %D 5
=
g }ll ’ }Il I_ll g)o Ex, +1.6€V
SRS ® g
R 1 1
At high H coverage this channel dominates the adsorption.
Consequently, the BExresonance decreases in intensity and Ex, +0.02 6V
finally disappears on the fully hydrogenated surfpoerves 0 E, 0 fp —E,
D-F in Fig. 3b)]. E,

The single dangling bonds should also exist on the surface M Evene
prepared by synchrotron irradiation. Indeed, light irradiation, Ex, -0.7¢V
breaking single C-H bonds in the double occupied dimers, 1F Ex, -13ev -1
produces single dangling bonds —

H H H Ex, -2.0 eV
A 2 2k =
7S 7S )

FIG. 6. Schematics illustrating position of theE£x,, and Ex
surface resonances with respect to the Fermi level. Binding energies
of the resonances were calculated assuming the binding energy of
She C 1s hole to be(a) 283.8 eV, which corresponds to the clean
surface dimers § component and (b) 284.5 eV, which corre-
sponds to the bulk diamon@ component

and the Ex resonance appears in the spe¢Ea. 2(b)]. The
second C-H bond breaking of the singly occupied dimer
creates a cleam-bonded dimer

H o
c—C —— Cc—C (5) _
A /N ment with the value ofEr—E,gy,=0.3eV reported for a
highly-boron-doped ~ semiconducting ~ diamdnd (Ng
accounting for the increased intensity of the;Eand Ex  =10%cm™3).
resonances in Fig.(B). The Ex.y, Ex;, Ex, and Ex binding energies were cal-

Now we will analyze the origin of the electronic transi- culated from the NEXAFS corresponding resonance energies
tions giving rise to the Ex Ex,, and Ex surface resonances. by assuming an electron-independent model and by consid-
As it was demonstrated by Morat al., the electronic states ering that the binding energy of the G hole is either that of
of the diamond Cl111)-(2x 1) surface could be classified the clean diamond surfacé&{ component at 283.8 g\or
according their position in the band gipthe electronic that of the bulk diamondB component at 284.5-284.7 eV
states, lying below the Fermi level, were interpreted as surtRef. 14]. The results are shown in Figs(ap and Gb),
face core excitons whose energy is influenced by strongespectively. As mentioned by Graupnefral, one should
electron-hole interaction at the surfdt®y contrast, the use the binding energy of the G bulk diamond only if one
electronic states above the Fermi level were assigned to umssumes that the surface shift is mainly due to final-state
occupied dangling-bond surface stdfes. effects rather than initial-state effetn fact, it is very dif-

The binding energy of thB component of thén situ fully ficult to predict whether final-state effects dominate over
hydrogenated surfac®84.5 e\ was taken as an actual po- initial-state effects in the surface shift of the G binding
sition of the Fermi level in the band gap. From this the bulkenergy. However, we note that this has an important conse-
diamond exciton is derived to be 4.8 €289.3—284.5 ey  quence on the assignment of £XEXx,, and Ex states.
above the Fermi level. The CBM was recently reported to be The Ex resonance always has a positive binding energy
0.25 eV above the bulk exciton energjfthe valence-band independently of which effects—initial staf€ig. 6(a)] or
maximum (VBM) is located 5.47 eMdiamond band ggp final state[Fig. 6(b)]|—dominate on the surface. Thus, the
below the CBM(Ref. 13. This makes the Fermi level to be Ex; surface resonance most probably corresponds to the
located 0.42 eV above the VBM. This is in reasonable agreeelectronic excitation into unoccupies* -antibonding states
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© Hydrogen

VIR B @] P} Memslmni 5 (b)
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irradiation H §
£
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Hydrogen coverage (ML) Hydrogen coverage (ML)

FIG. 7. Dangling-bond distribution on the partially hydrogenated diamod®@-(2x1):H surface prepared by hydrogen adsorption
on the clean surface and synchrotron irradiation of the fully hydrogenated surfa¢b) aythchrotron irradiation of the fully hydrogenated
surface followed by thermal annealing. The dotted, crossed, and hollow symbols correspond to hydrogen adsorption, synchrotron irradiation,
and thermal annealing procedures, respectively. These symbols represent the experimentally deduced values whereas the solid curves
represent the numerical solution of kinetic equatieee Appendix B The squares and circles represent the single and pairédnded
dangling-bond configurations, respectively.

of the clean dimers as was recently suggested by Graupnéistribution, initially achieved by synchrotron irradiation, is
et al!! The assignment of the Exesonance is more com- modified by thermal annealingFig. 4). The dangling-bond
plicated. In Fig. @b), the Ex state is below the Fermi level distributions for these two situations are shown in Fig. 7. The
and should therefore be considered as a core exciton state @tributions are quite different. It can be seen in Fip) 7
discussed by Graupnest al,'* whereas in Fig. @) it is  that for the nonthermal processes the single dangling bonds
slightly above the Fermi level and could be assigned to arxist in the whole range of hydrogen coverage. The amounts
Unoccupied surface state like thecﬁxstate. The aSSignment of the dang”ng bonds can be proper'y described by assuming
of the Ex resonance is unambiguous: this resonance reprenat after synchrotron irradiation the single dangling bonds,
sents a core surface exciton since _it is always \{vel! below the eated by hydrogen-atom photodesorption, are randomly
Fermi level whatever the assumption on the binding energyjisiributed over the surface without any pairing effect. Simi-
of the C Is hole. larly, it is assumed that after atomic hydrogen exposure of
the clean surface, the hydrogen atoms are randomly distrib-

C. Distribution of dangling bonds on the diamond uted again without any pairing effect. Indeed, in the whole
C(100-(2x1):H surface with a submonolayer hydrogen coverage rangeé) the experimentally measured amounts
coverage

of single dangling bondsécircles in Fig. 7a)] and paired
Considering that the Bxcore surface exciton is associated dangling bondgsquares in Fig. (8)] correlate well with the
with the single dangling bonds, whereas the Eesonance theoretically calculated valugsolid lines in Fig. 7a)].
corresponds to ther-bonded paired dangling bonds, allows  The results shown in Fig.(d) demonstrate that the as-
us to quantitatively evaluate the dangling-bond distributionsumption of random distribution and absence of pairing ef-
between these two configurations. The importance stemfect is no more valid after thermal annealing. The data in Fig.
from the fact that dangling-bond pairing partially reduces7(b) relate to an experiment in which we start with a
their unsaturated characterand, consequently, influences synchrotron-irradiated surface so that 10% of the surface hy-
the surface reactivity. drogen has been photodesorbed [ 6,
Here we deduce the dangling-bond distribution from the=0.90 monolayetML)]. At this point both single dangling
intensities of Ex and Ex resonances in the NEXAFS spec- bonds andwbonded dangling bonds exist on the surface,
tra. Then, the experimentally determined distribution is com-and their amounts are described properly by the random dis-
pared with that obtained by modeling the processes detribution model. Then the surface is progressively heated so
scribed by Eqs(2)—(5) (thereafter the random distribution that the hydrogen coverage decreases to 0.88, 0.71, 0.51,
mode). Both procedures are described in Appendix B. The0.44, and 0 ML(clean surfack It is seen in Fig. () that the
dangling-bond distribution of the partially hydrogenated sur-number of single dangling bonds is much smalksxcept at
face was derived in various situations. The first correspond® ML) than expected from the random distribution model,
to the case where no thermal effect is expected on thevhereas the number af-bonded dangling bonds is higher
dangling-bond distribution. It is valid for hydrogen adsorp- than expected from this model. We conclude that the random
tion (Fig. 3) and synchrotron irradiatio(Fig. 2). The second distribution model fails in this case.
situation corresponds to the case in which thermal effects From the results in Fig.(d and 7b) the important infor-
play an essential role. This is valid when the dangling-bondnation on the kinetics of surface-related processes may be
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obtained. First, it can be concluded that little or no preferen-
tial pairing of hydrogen adatoms on C-C dimers occurs dur-
ing hydrogen adsorption at room temperature. It means that
the rebonding of the dangling bon@nd, consequently, the
surface hydrogen adatojristo the more thermodynamically
favorablem-bonded configuration is limited by the very low
mobility of hydrogen adatoms. Indeed, the activation barrier
for hydrogen hopping on the diamond C(}6@Xx 1) sur-

face was calculated to be at least 2.62 (®éf. 16. Second,

it can be seen that at elevated temperatuies case of ther-

mal annealing the thermal-induced redistribution of hydro-
gen adatoms does occur and results in pairing both hydrogen
adatoms and dangling bonds on separate dimers. In that case . -
the 7-bonding formation on the clean C-C dimers represents © /\

the driving force for pairing. The pairing, however, occurs ) \—
simultaneously with hydrogen desorption, as can be seen in NTTTTT TIPS b/ DTS T
Fig. 7(b). It implies that the activation energy of the hydro- 282 283 284 285 286 287
gen diffusion is only slightly lower than the activation en- .

ergy of hydrogen desorption. Binding energy (eV)

Intensity (arb. units)

V. SUMMARY AND CONCLUSIONS FIG. 8. Deconvolution of the C< photoemission spectrum re-
) corded on the clean diamond(1D0)-(2x 1) surface.(a) Open

Surface electronic states of the partially hydrogenated diggircles represent the original data, thin solid lines represent the de-
mond Q100-(2x1):H surface have been studied by convoluted C % gompopents, the dotted line shows.Fhe back-
NEXAFS and C & photoemission. The partially hydroge- ground, and the thick sqlld line represents the superposmon of the C
nated surfaces were prepared(bysynchrotron irradiation of 1S Somponentssynthesized spectrum(b) The open circles repre-
the fully hydrogenated surface afi) hydrogen adsorption sent residual values'rfemalnlng after subtractlng_the_ synthesized
on the clean diamond surface. A new,fesonance, in ad- SPECIUM from the original spectrurfe) Second derivativénega-

.. ’ tive) of the original photoemission spectrum taken numerically.
dition to the Ex and Ex resonances of the clean surface,
was observed on the partially hydrogenated surface. This .
resonance is located below the Fermi level and is assigned f§yative spectra (TdZN/dEZI vs E). An example of the
single dangling bonds on the surface. Thus, the ability to— d°N/dE? curve is shown in Fig. &). Three components
monitor amounts of both single (Exand 7-bonded (Ex) ~ ©nly, namelyB, S, andSc, were found by the deconvolu-
dangling bonds on the surface has been used to study tfi®n analysis. For each Cslcomponent three parameters—
kinetics of (i) synchrotron irradiation of the fully hydroge- the Gaussian width, binding energy, and intensity—were
nated surface(ii) atomic hydrogen adsorption on the clean varied mde_pendently and the best-fit criteria was us_ed in the
surface, andiii) thermal annealing of the surface that hasdeconvolution. The smallest value of the Lorenz width that
already been under synchrotron irradiation. No preferentia@llowed us to fit all the C 4 spectra properly was found to
pairing of hydrogen on the C-C dimers was found duringbe 0.19 e\_/, and this value was kept fixed thrOUghOUt the
hydrogen adsorption at room temperature. By contrast, thedeconvolution.

mal annealing induces pairing of the single dangling bonds All the C 1s photoemission spectra were successfully de-
into the -bonded configuration. The pairing process is ac-convoluted. Deconvolution of the Gslspectrum of the clean
companied with hydrogen desorption. We believe that thigurface is shown in Fig.(8). It can be seen that the super-
method of monitoring the relative amounts of single andPosition of theB and S componentgthick solid line in Fig.
m-bonded dangling bonds can be very powerful for kinetics8(@)] properly describes the experimental deaen circles

studies of a large number of other processes on diamon Fig. 8(@)]. The residual spectrum, taken as the difference
surfaces. between the experimentally measured and synthesized spec-

tra[open circles in Fig. &)], is completely flat and has very
ACKNOWLEDGMENTS low intensity comparable with the noise level. The results of
) . the deconvolution are summarized in Table I. The chemical
W'e W'Sr:] toA'EkllsglfrProfessor A, dHc;]ffmém for hel;1)_f|\lj|IRd|s— shifts of the clean surfac8:; and hydrocarborg, compo-
cussion, the program, and the European Nethents were found to be 0.9 and+0.8 eV, respectivelysee

work Surface Photochemistry for financial support. Table %_ This agrees well with the previously reported
APPENDIX A values:
The C 1s photoemission spectra shown in Fig&)11(b), APPENDIX B
2(a), 3(a), and 4a) were deconvoluted assuming a mixed
Gaussian-Lorenzian line shaf€oigt function) for each C We deduced the dangling-bond distribution on the dia-

1s component. The number of Cslcomponents for each mond G100)-(2x1):H surface usingi) Ex; and E» exciton
photoemission spectrum was determined from the second d@tensities andii) a numerical solution of kinetics equations
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for hydrogen adsorption/desorption processes. Solving Eqgs.(B1)—(B3) together we obtain
(i) The material balance on the diamond surface at a sub- o8
monolayer coveragé, may be written as Opaired™ Onop= (1= O EX /(EX +EXp),
Onop+ fsopt fpop=1, (B1) 628 1= Osop=2(1— 0 Exp/(Exy +Ex),  (B4)

wherefyop, 0sop, andépop are the portions of the surface DB DB . .
covered by nonoccupied, singly occupied, and doubly occu??1'€"€ fpaired@nd fsingie are the amounts of paired and single

pied dimers, respectively. The hydrogen coverage is, consé&2ndling Dt;?”ds’ respectwely.BThgse amounts are plotted as
quently, cwc!gs (Opaired anq squares'@mgb) in F|.g. 7. .
(i) The numerical solution of kinetics equatio(®—(5)
01= 0popt 0.5050p.- (B2)  was done as follows. The reaction rates were assumed to be
proportional to the amounts of corresponding dimers at any
Taking into account that each singly occupied dimer conparticular hydrogen coverage. Hydrogen adsorption on the
tains one carbon associated with the single dangling bongjean surface was assumed to occur on both clean and singly
whereas each nonoccupied dimer contains two carbons assgccupied dimers independently. The same adsorption prob-
ciated with the paired dangling bonds, we can write ability of hydrogen was assumed for both clean and singly
occupied dimers. Similarly, the same cross section for
photon-stimulated desorption was assumed for doubly and
Exo=ko (B3) singly occupied dimers. In both cases of hydrogen adsorption
2 hUsob and light-induced desorption, no hydrogen diffusion was as-
where Ex and Ex are the intensities of the corresponding sumed to occur on the diamond surface. The results are
excitons andk is a coefficient. shown in Fig. 7 as solid lines.
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