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Atomic-scale visualization and surface electronic structure of the hydrogenated diamond
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The surface electronic structure of the hydrogenated diamond §{(I001):H surface was studied using
scanning tunneling microscop§TM), valence band and core-level photoemission, and near-edge x-ray-
absorption fine structure. The hydrogenated diamond surface was prepasédby hydrogen plasma treat-
ment. The STM topographies of the hydrogenated diamond surface, recorded with an atomic resolution,
indicated the atomically smooth diamond surface. The current-voltad® Gpectroscopy was used to study
the transport of electrons injected from the STM tip into the diamond surface. It has been shown that the
electron transport is determined not only by the surface states available but it depends crucially on the amount
of subsurface hydrogen and the charge redistribution at the surface. Annealing of the diamond surface induces
desorption of the subsurface hydrogen. That affects the electron transport as evidenced from the analysis of the
|-V spectroscopy curves. A qualitative model for the electron transport, taking into account the specific
electronic structure of the hydrogenated diamond surface, has been proposed.
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I. INTRODUCTION insertion into an ultrahigh vacuum chamber, the diamond
samples werex situsaturated with hydrogen in a microwave
In the last ten years the study of hydrogenated and cleafMW) hydrogen plasma at 800 °C for 1 h. The details of the
diamond surfaces has been a tOpiC of Iarge interest. This .ﬁydrogenation procedure can be found e|5ew|]](é'fwo dia-
motivated by the fact that hydrogen, chemisorbed on the diay,gng samples, hydrogenated under identical conditions,
mond surface, modifies signific_antly its surface electronicWere studied separately using ultrahigh-vacuutV) STM
structure. The hydrogenated diamond surface becomes &hd synchrotron radiatio(Super-ACO, Orsay

p-type electrical semiconductor whereas the bulk diamond : : .
is an almost perfect insulator. The fact that the conductivity The first hydrogenated diamond sampifize 3.5¢2.5

is induced byadsorbedspecies provides the unique possibil- < 0-2 mn?) was installed into ﬂlelIUHV STM chamber hav-

ity to control the conductivityn situ, at the atomic scale, by ing a base pressure below<20™ " Torr. The edges of the
manipulation of the individual adsorbed atoms and mol-diamond sample were sandwiched between two molybde-
ecules. Recently, it was demonstrated that a fully hydrogenum (Mo) plates. After transfem vacuointo the adjoining
nated diamond surface can be patterned by local removing afHV chamber P<1x10 1° Torr), the diamond sample
hydrogen adatoms using atomic force microscolM).**>  was then heated indirectly, by a hot tungsten filament (
The mechanism of the surface conductivity is, however, not- 1400 °C) located about 1 cm behind the surface. This pre-
well understood yet. At present there are ongoing debates Qeating procedure was necessary to decrease the sample re-

the origin and mechanism of the surface conducti¥ityt G by thermal activation of dopants. When the resis-
was demonstrated recently that scanning tunneling micros-

copy (STM) represents a powerful tool to visualize diamond ance of the warm sample had dropped suf_ﬁmently, the hot
surfacegboth hydrogenatécand cleaf) at the atomic scale. flament was switched off and further annealing was done by
To use STM to inject electrons and/or holes into a sampl@PPlying a bias {=70-90V,1=20-60 mA) directly
seems to be a promising technique to study the surface cogcross the sample. Diamond does not emit light in the infra-
ductivity of diamond. This is due to the unique feature of thered region with increased temperature. So the diamond tem-
hydrogenated diamond surface: the electron/hole transpoperature was taken as the temperature of the Mo [ptate-
occurs mainly through the surface conductive |ayer. trolled by an IR pyrometerin contact with the sample.

In this paper we usebtV spectroscopy as a tool to study Initially the diamond sample was annealed at 300 °C for 5
the electron transport through the hydrogenated diamond sumin. All the |-V spectroscopy curves were recorded at con-
face. To quantify changes in the electron transport occurringtant height mode at room temperature. At each temperature
during thermal annealing, combined surface science techhe |-V curves were then averaged over 400 curves. The

niques[valence band, core-band photoemission, and neagriginally recordedi-V curves were differentiated numeri-
edge, x-ray-absorption fine structuéEXAFS)] were used  cally to calculate thell/dV spectra.

to characterize the state of the annealed diamond surface.  The second hydrogenated diamond samfsize 6x 1

X 0.2 mn?) was installed into the UHV chamber connected
to the synchrotron radiation source. Thermal annealing of the
Semiconducting boron-dopetype Ilb) natural single- sample was donm situ by resistive heating under the same
crystal diamonds 0f100) orientation were used. Prior to conditions described above. The photoemission spectra as a

Il. EXPERIMENT
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function of temperature were always recorded at room tem- (a) | 4
perature when the sample had cooled down after the corre-
sponding annealing. All the photoemission measurements

were done at grazing incident angles in order to improve the

surface sensitivity. The photoemission spectra were normal-

ized to the photon beam intensity.

Since the diamond temperature was taken as the tempera-
ture of the attached Mo plate, we estimate the uncertainty in
the diamond temperature to be withirb0 °C.

The clean diamond surface was prepaireditu by resis-
tive heating of the hydrogenated C(20@® X 1):H sample
as described elsewhef&We carefully controlled the clean-
ness of the diamond surface. No traces of molybdenum were
detected at any annealing temperature as evidenced by x-ray
photoemission spectrosco¥PS). Thein situ hydrogen ad-
sorption on the clean diamond C(J)e(2x 1) surface was
done as follows. Molecular hydrogen was introduced into the
UHV chamber at a pressure of about I0Torr. The activa-
tion of molecular hydrogen was done using a tungsten fila-
ment heated at 1800 °C and located at about 1 cm in front of
the sample.

Ultraviolet photoemission spectra were recorded at an in-
cident angle §;=63° using 50-eV photons. This photon en-
ergy was chosen to obtain the maximum sensitivity to the FIG. 1. STM topographies of the hydrogenated diamond
changes occurring in the photoemission spectra under th@(100)-(2x 1):H surface:(@) Upias= + 1.5V, I;=1.5 nA (unoccu-
annealing. Emitted photoelectron@.& 27°) were analyzed pied states and (b) Uy,e= —1.5V, I;=1.0 nA (occupied statgs
using a hemispherical electrostatic analyzer with a 250-meWhe bright lines on the top topography indicate the C-C dimer rows
resolution. C(%) photoemission spectra were recorded at arin the vicinity of the step §4).
incident angleg;=63° at two photon energies: 318 and 600
eV. At 318 eV, the kinetic energy of escaping GfIphoto-  between the bright linesA=5.0=0.2 A) corresponds well
electrons was about 35 eV, this provided the best surface the expected inter-row distan¢b.04 A) of the (2x1)
sensitivity’! The C(1s) photoemission spectrum at 600 eV reconstructed surface. The bright beam-shape features within
was recorded as a reference in order to estimate the oxygehe bright lines, separated by 2:8.2 A, were ascribed to
coverage. The C(d) photoemission spectra at both photon single CH-CH dimers. Defect structures, such as point de-
energies were corrected by subtraction of the secondary elefacts and missing rowfsnarked by arrows in Fig.(&)], were
tron background. O(9) spectra were recorded at 600 eV, at commonly observed but they are beyond the scope of this
this energy the best separation between thesp(hoto-  study. Thel-V spectroscopy curves, reported in this study,
emitted electrons and secondary electron background wagere always taken on the flat hydrogenated terraces of the
achieved. C(100)-(2x1):H surface.

NEXAFS spectra were recorded in the 280—293-eV pho-
ton energy range. Secondary electrons of 35-eV kinetic en- )
ergy were detected using the electron analyzer. As in the casé- Unoccupied states of the hydrogenated 100)-(2X1):H
of the C 1s photoemission, the 35-eV kinetic energy gave the surface
highest surface sensitivity. The photon energy was calibrated First, we consider thé-V spectroscopy curve, recorded
using the second absolute band gap of diamond at 302 st after the initial thermal annealing at 300 °C. For the out-
eV gazed surface, a very steep current increase was observed at

positive biagdFig. 2(a)]. We were able to measure the current

Ill. RESULTS AND DISCUSSION only up toUy,= +0.6 V, at higher biases the current ex-

ceeded the 50-nA saturation limit of the current amplifier.
The fact that a large tunneling current can be reproducibly

The STM topographies of the hydrogenated C()10®  obtained at positive bias would suggest the existence of un-
X 1):H surface, recorded by tunneling through either the un-occupied states above the Fermi level in the fundamental
occupied or the occupied surface states, are shown in Figband gap. However, density-of-stat&09) calculationd®*

1(a) and (b), respectively. The bright lines correspond to theas well as the photoabsorption experiméhthow that no
CH-CH dimer rows of the (X 1) reconstructed surface. The unoccupied states exist on the hydrogenated diamond surface
dimer rows run in orthogonal directions due to the existencén the 0—+3-eV binding-energy range. The MW-

of surface domainsterracey each separated by a step. In hydrogenated surface used in this study does not represent,
Fig. 1(a) we highlighted the C-C dimer rows in vicinity of however, a perfect hydrogenated surface. The surface, being
the S5, monoatomic step. As shown in Fig(kl the distance well ordered at the atomic scalEig. 1), is imperfect in the

A. Atomic scale visualization of the @100)-(2X1):H surface

195416-2



ATOMIC-SCALE VISUALIZATION AND SURFACE. .. PHYSICAL REVIEW B 68, 195416 (2003

I [ In-slitu
1 Clean ’ - -
. surbce [ hydrogenated

surface

__Annealing
| [ temperature E 3
[ 1L 3
: Jmoc r \ L55ev 1
o2 i 0.1p 7 .
L g _\ ._ [ ] o . C' 3
[ 0.01 A X
aL [ X .o °
s 0.001 K b
- 3 FIG. 2. Current-voltagel{V)
o~ . | t=620°C o1l 1.0eV ] f the hvd d
0 —— 1k 2 spectroscopy of the hydrogenate
g C S ol E iy ' X E C(100)-(2<1):H surface. The
e _ % e J_.,n,_. 3 -V spectroscopy curves, as a
5 r £,0.001 - ]’ * o h function of annealing temperature,
E > i are shown in the left panel
(o)o 1E = 1 whereas the right panel represents
£ | =610°C = ol the corre.spondir.lgjl{dv curves.
o Of “E The vertical solid lines indicate
g C 0.01 the surface band gap. For each
= -l L dl/dV curve the dashed lines in-
0.001 dicates the detection limit.
1E N
0 L t=525°C 0.1 ;
b 0.01
-1F 3 g
Ey 1 il Y T 0'001!'...|....|....|....|....|'§
302 -1 0 1 2 -2 -1 0 1 2
- 1000
1k 100 r
[ Outgazed 10 b
o [ at30wC 1 ""\w
L E 0
C oy
ab 0.01 I' _________
[T Y TS TR FETTY PWee e (X TP ETETETT IV SR B
3 02 -1 0 1 2 -3 -2 -1 0 1
Bias (V) Bias (V)

sense that during hydrogenation, hydrogen not only saturates the electron traps, inducing the observed band bending, is
the surface dangling bontfsbut penetrates into the subsur- probably single dangling bonds produced in the subsurface
face regiont’'8 The subsurface hydrogen represents surfaceegion by a rupture of C-C bonds in the vicinity of the sub-
traps for valence-band electrons. The electron trapping insurface hydrogef?2*These dangling bonds are supposed to
duces hole accumulation in the subsurface region. Thikave a great affinity to electrons due to their unsaturated
charge redistribution can be treated as surface band bendimtparacter.

extending several nanometers deep into the bulk diamond

(Fig. 3. The significant band bendingee Appendix Ain-
duces partial ionization of the valence-bafuB) states that
appear as empty states just above the Fermi level as sche-
matically shown in Fig. 3. These empty states are responsible Thel-V spectroscopy curves were recorded as a function
for the steep current increase at small positive bias observenf temperature annealing in the 300—680 °C rafigg. 2.

on thel -V spectroscopy curve shown in Figa2 The origin  Individual spectroscopy curves were taken on the flat ter-

C. Electron transport in the tip-sample junction as a function
of thermal annealing
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Tip Vacuum Sample annealing between 620 and 680 °C the surface band gap con-
tinues to increase and reache4.55 eV at 680 °QFig. 2.
il ouneapicl As evidenced in Fig. 2, after the 680 °C annealing there
are still states with an energy higher tharl.5 V. These

O'*_
.o states are obviously too high in energy to be due to band

bending. Instead, we believe they are associated with the
tails of the unoccupied hydrogen induced surface states as

tunnelling
electrons

e Electron de-excitation via schematically shown in Fig. 3. The exact binding energy of
& eoag iRl these states is unknown although they definitely exist in
: the fundamental band gap as evidenced from our earlier
Ep NEXAFS studies* These states exist as long as the
o surface is terminated by hydrogen. They remain unchanged
%,@ in the 610-680 °C range since the temperature is too low
o / CPR VBM to induce desorption of surface hydrog@n.
Wi e % © o When the bias is sufficiently highJp,e> + 1.5 V) elec-
@

trons tunnel into therg , surface states. These unoccupied

FIG. 3. Schematics of the electron transfer in the tunnelingjunc-States are well localized on the corresponding C-H bonds

tion between the metallic tip and the hydrogenated diamond su'l_)ased 02 the theqretlcal analysis 2f the . surfaqe . band
face. structure™® The localized nature of the'&,, orbitals elimi-

nates anydirect propagation of electrons through these
races before averaging together. This meant that surface dstates. The existence of a tunneling current in a steady-state
fects could be avoided. The set point was the same for all theegime implies that another transport channel exists for the
spectroscopy curvesii,e— —1.5V andl;=1.0 nA. So, the electrons. This channel includes the de-excitation of the elec-
negative part of thé-V spectroscopy curves was almost thetrons temporarily occupying the,, states via coupling
same independent of the annealing temperature. Howevegith those valence-ban@/B) states which are shifted above
significant changes were observed at positive bias. Mild anthe Fermi level due to the band-bending effe@igy. 3).
nealing att=525°C decreased dramatically the tunneling The electron transport through the tunneling junction de-
current. The -V spectroscopy curve could be recorded up topends therefore orti) the probability of an electron to tunnel
+2.0 V without amplifier saturation. Subsequently we chosehrough the vacuum gayii) the degree of coupling of the
to limit the maximum positive bias te-2.0 V for recording  unoccupied surface states with the empty VB states(#ind
I-V spectroscopy. At higher biases tip-induced modificationthe rate of electron/hole recombination in the surface layer.
of the surface was occasionally observed that affected th8ince the hydrogen termination of the diamond surface is
-V spectroscopy measurements. Further annealing in thereserved in the 300-680 °C range, no changes are expected
525-680 °C range induces further decrease of the tunneling the density of unoccupied surface states. It implies that the
current as evidenced by the corresponding spectroscopy probability for electrons to tunnel through the vacuum gap
curves (Fig. 2). To analyze quantitatively these changes avaries very little in this particular case. Thus we can rule out
numerical derivation of thd-V spectroscopy curves was factor (i) as a reason of the observed changes inlthé
made (right panel in Fig. 2 For eachdl/dV spectrum spectroscopy curve$ig. 2).
shown in Fig. 2 we calculated the detection lirtfibrizontal
dashed lineswhich was defined here as a threshold at which
fluctuations of thedl/dV values due to the thermal noise
were observed. We define therefore the surface band gap
(marked by thin vertical lines in Fig.)2as the bias range at In a separate experiment, we probed $teictureof the
which thedl/dV values exceed the detection limit. The ex- hydrogenated diamond C(13@2x 1):H surface as a func-
istence of a band gap does not mean, of course, the absoluten of thermal annealing. For that purpose, valence-and
absence of tunnel current in the energy range correspondingpre-band photoemission spectra as well as NEXAFS spectra
to the gap. In fact, we were able to tunnel into unoccupiedvere recorded. The diamond sample was annealed at the
states at any positive bias. The existence of a band gap simsame temperatures as in the STM experiments. The method
ply means that in a certain energy ran@ad for a given for assigning the UPS, XPS, and NEXAFS spectra is given
preset tunneling currenthe amount of tunnel current was in Appendix B. First we characterized the diamond surface
below the detection limit. Accepting this definition, it can be outgassed at 300 °C by VB photoemission. Figure 4 repre-
seen in Fig. 2 that the diamond surface after outgassing aents the VB photoemission spectra of the “as hydroge-
~300°C demonstrates no surface gap, a gap conductivitpated” and the 300 °C annealed surface. The difference be-
being measurable over the whole applied bias range. Aftetween the two spectra is obvious. TBg, band, induced by
annealing at 525 °C thel/dV values still exceed the detec- water adsorption on the as-hydrogenated surface, disappears
tion limit although atU;,c=0 they become comparable with after the 300 °C annealing. Further annealing had little influ-
it. So the existence of a small gap ef0.1 eV cannot be ence on the VB photoemission spectra, so the state of the
excluded in this case. Further annealing at 610 °C increasefiamond surface was monitored by x-ray photoemission. The
the surface band gap up te0.45 eV (Fig. 2. During the C 1s photoemission spectra were recorded as a function of

D. Thermally induced processes on the hydrogenated
diamond surface
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FIG. 4. Valence-band photoemission spectra of the hydroge- “2""&
nated C(109-(2x1):H surface. Curves A and B correspond to the
“as-installed” and outgazed~300 °Q surfaces, respectively. For lhinz :
clarity, curve A was shifted up as indicated by the arrows. at 300°C © B
4 Bulk L&
annealing temperatur@=ig. 5, left panel. As evidenced in f
Fig. 5, annealing at 525 °C induces no changes in thesC 1 \ &

photoemission spectra. Both the binding energies and the PR
integral areas of the bulk and Gldomponents were essen- ermret Se s Pt
. . 282 284 286 280 290 530 540 550
tially the same before and after the annealing. However, the Binding encrey(EY) Bindingenerey (e
intensity of the O % peak decreases after the 525 °C anneal-
ing (Fig. 5, right panel The valence-band photoemission  FiG. 5. On the left: C $ photoemission spectréd ¢=318 eV)
spectra shown in Fig. 4 indicate that water has been desorbegcorded as a function of annealing temperature. The circles repre-
during the 300 °C outgassing. Thus the oxygen contaminantsent the original datécorrected by background subtractiohe
desorbing in this temperature range must be associated witlark-gray (bulk) area represents the bulk Gs Tomponent. The
traces of chemisorbed oxygen on the hydrogenated surfacdight-gray (Sc.yy) and black §¢) areas represent the surface € 1
Considering now the corresponding changes inlthé  components associated with the Cpecies/subsurface hydrogen
spectroscopy curve after 525 °C annealifgg. 2), one can and dangling bonds of the C-C dimers, respectively. On the right: O
infer that the surface state coupling with the VB states isls spectra fiv=600 eV) before thermal annealirigurve A and
very sensitive to the presence of oxygen on the surface. Thigfter (curve B theT=525°C annealing. The open circles represent
chemisorbed oxygen on the diamond surface serves as a sitfie original data, the dotted Iipeg indicates the background of sec-
for electrons(in addition to the subsurface hydrogen dis- ondary e_lec_trons, and the solid lines re_pr(_asent the fit of thesO 1
cussed in Sec. Il B Similar effects associated with water Photoemission peak. The Cslphotoemission spectrum was re-
layer adsorption on the hydrogenated diamond surface wefrded at the same phthn enerdyv (=600 eV) to estimate the
recently observed by Mayet al2> Thus more holes are pro- °XY9€n coverage on the diamond surface.
duced within the surface layer when chemisorbed oxygen is
present on the surface. The VB states penetrate more into tleairring at 720 °GRef. 26. The effect of the subsurface hy-
band gap and the surface states are coupled more tightly trogen desorption on the surface electronic structure is two-
the VB stategFig. 3). Consequently, the partial reduction of fold. First, the hydrogen effusion reduces by itself the
this coupling under oxygen desorption at 525 °C is reflectec@amount of electron traps within the surface layer. As a result,
in thel-V spectroscopy curve by a significant decrease of thehe number of holes decreases and the hole recombination
tunneling current at positive bid&ig. 2). with incoming electronginjected from the tip is reduced.
Further annealing of the hydrogenated diamond surfac&econd, the band bending in the surface layer is reduced
changes the situation qualitatively. In this temperature rangéllowing the hole reduction. So, the coupling of the surface
(610 °Q the subsurface hydrogen, which had been incorpostates with the empty VB states is further reduced. These two
rated during the surface preparation, effuses out of theffects together induce further current decrease giving rise to
sample. The disappearance of the subsurface hydrogen assurface band gaff-ig. 2) as was discussed in the previous
clearly seen in the core-level photoemission spectra: the Gection. It is interesting to note that only subsurface hydro-
1s (CH,) component decreases in intensitiyig. 5, left gen desorbs in this temperature range. The NEXAFS spectra
pane). Only a small fraction of the subsurface hydrogen re-(Fig. 6) indicate that the surface hydrogen remains through-
mains on the surface after the 680 °C annealffig. 5. This  out the thermal treatment: tHex._ resonancésee Appen-
is consistent with the maximum hydrogen effusion rate ocdix B) is still visible in the spectra. The changes in the shape
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R IV. CONCLUSION
Annealing

temperature The surface electronic structure of the hydrogenated dia-
mond C(100-(2X%1):H surface has been studied using both
local probe(STM) and other surface science techniq(es

Ex lence band and core-level photoemission and NEXAFS

A qualitative model for the electron transport through the

2] metallic tip/hydrogenated diamond surface tunneling junc-
k= tion has been proposed. The electron transport includes the
=f following steps:(i) electron tunneling into the surface states
-C% =950°C Ioca_ted in thg fu_ndamental band gap of diamo(iid,e_lec— .
= tronic de-excitation through the surface state coupling with
2 the VB states, andiii) electron/hole recombination. The
gz electrons, initially emitted from the Fermi level of the tip,
2 | t=680°C tunnel into the tails of the unoccupied surface states associ-
RS ated with the antibondingr{,, orbitals. These electrons
gradually lose their energy(de-excitation through the
t=525°C surface-state coupling with the VB states. The coupling is

greatly facilitated due to the upward surface band bending
existing on the hydrogenated diamond surface. After the de-
excitation process, the injected electrons recombine with the
holes initially presented into the subsurface layer. Two
B ———— factors—the presence of the subsurface hydrogen and traces

282 284 286 288 of chemisorbed oxygen—were found to induce the upward

Photon energy (eV) band bending on the hydrogenated diamond surface.
The |-V spectroscopy allowed us to probe the rate-

FIG. 6. NEXAFS spectra of the hydrogenated diamondlimiting step of the electron transport, namely the surface-
C(100)-(2x1):H surface recorded as a function of annealing tem-state coupling with the VB states and the electron/hole re-
perature. combination. Thermal annealing of the hydrogenated
diamond surface affects significantly the electron transport.

]?f the EXC'.H [egon_etlrr]uiﬁ aftetr) thef680 hC danneal:jng aret.therel'nitially, the typicall-V spectroscopy curve demonstrates no
oré associated wi € subsurtace nydrogeén desorplion. - ¢, 5 cq gap and a strong rectification at positive bias. An-

Annealing the hydrogenated diamond surface at highertlealing at 525°C removes partially the traces of chemi-
temperaturest¢= 950 °C) induces total desorption_ of hydro- oo rpeq oxygen without affecting the subsurface hydrogen.
gen, both sub-surface and surface ones, revealing the clegiy;s directly influences the electron transport in the tip-
dlamond_ surfac_e. '_I'he bulk C$1 component Is Sh'ﬁe_d to- sample tunneling junction. The partial reduction in the band
wards higher binding energies, the Component disap- bending is reflected in the correspondihg/ curves as a
pears completely and a ne® component appears in the sharp current decrease at positive bias.
spectrum(Fig. 5. The NEXAFS spectrum has been changed Annealing the surface a&>610°C induces gradual de-
as well(Fig. 6. The Exc.y shoulder disappears whgreas thesorption of the subsurface hydrogen. Surface band bending is
Ex, andExs peaks appear n the spectruthe notation for further reduced, leading to a decoupling of the VB and hy-
the absorption resonances is taken from Rei. Bdth the  y.q00n induced surface states. The amount of holes in the
C(1s) (Fig. 5 and NEXAFS(Fig. 6) spectra are character- g o\ rface layer also decreases as the amount of subsurface
istic of the clean surfac€. When using the STM, no tunnel- hydrogen decreases. As a result, the electron transport is fur-
ing current could be obtained at negative Biddowever, ther affected and a surface gap appears inl tNespectros-

electrons could be injected into the conduction band of diabopy curves. The surface gap increases from 0.45 eV at

mond (if the positive bias is higher than the band gap ofg1q°c up to 1.55 eV at 680 °C.

diamond, 5.5 eY and a stable current could be obtan‘?e_d_. High-temperature annealing at 950 °C induces desorption
Thel-l/ spectroscopy curve recorded under such a conditioR¢ e rface hydrogen and reveals the insulating clean dia-
(Upias=5.9V, 11=1.0nA) is shown in Fig. 2. In order 10 o4 syurface. Neither surface visualization nor probing sur-

further elucidate the role of the subsurface hydrogen in the, e glectronic structure was possible under normal tunnel
electron transport throughout the diamond surface we havgyngitions.

adsorbedn situ hydrogen on the clean diamond surface. In-

terestingly, thein situ hydrogenated surface shows exactly

the samel -V spectroscopy curve as the clean surfésee

Fig. 2. This can be understood by considering that during ACKNOWLEDGMENTS

thein situ hydrogenation, hydrogen is adsorbed only saturat- We wish to thank the European IST-FET “Bottom-up-
ing the top layer of carbon dangling bonds and that no hyNanomachines{BUN) and the European “Atomic and Mo-
drogen is adsorbed in the subsurface region contrary to thiecular Manipulation: A new tool In Science and Technol-
case of theex situmicrowave hydrogenation. ogy” (AMMIST) network.

Outgassing at 300°C
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APPENDIX B: ASSIGNMENT OF THE PHOTOEMISSION
AND PHOTOABSORPTION SPECTRA

The photoemission bands of Fig. 8+ B,, Bs,
Sox—Wwere assigned as follows. Tl , B,, B3 bands were
assigned to the bulk diamond becau§é:their appearance
does not depend on the state of the diamond suffaaad
(ii) all these bands are strongly dispersed with the photon
energy, which is characteristic of bulk diamond transitiths.
The Sy band, centered at 7.4 eV, was assigned to the oxygen
contaminants adsorbed on the hydrogenated diamond surface
under its exposure to ambient &rThe binding energy of
this band(7.4 eV) differs significantly from that of chemi-

. sorbed oxyger(~3 eV) on the diamond surfac®,so this
—* &= band was assigned to the photoemission from the nonbond-
' ing orbitals of adsorbed water. The same photoemission band
was observed after water adsorption on thd®)) surface

The x-ray photoemission spectra of Figs. 5 and 7 were
deconvoluted to resolve the Cf}l components. The details
of the deconvolution procedure can be found elsewffere.
The assignment of the C§) components was done as fol-
lows. The bulk component was assigned to the bulk diamond
and/or C-H monohydride on the diamond surface. These two
components have the same binding energy and, conse-
quently, are indistinguishable in the G{)1spectra* The S¢
; s ' component was observed on the clean diamond surface only
282 284 286 and has been previously assigned to the surface carbon

Binding energy (eV) dimers?* The Sy _component was detected previously on

FIG. 7. C 1Is photoemission spectra recorded on the 300 °Cthe ex situprepared diamond surface or(labsent on thén
annealed surface at photon energies of 450 and 318 eV. The circl&&Y prepared hydrogenated iurfaleﬁld was assigned to the
represent the original data. The dark-gray area represents the bulk@@nmonohydride CI;!spef_:|e§. Here, we can further elabo-
1s component and the light-gray areas represent thes Colpo- ~ fate its origin. Taking into account that the atomically
nent corresponding to the subsurface hydrogen. The energy shift &mooth diamond surfacéFig. 1) can be produced by the
the bulk C s component is marked by arrows. The mean free pathhydrogenation procedure, we conclude that this peak mainly

hv=450eV |
Ayye=10-20 A

Intensity (arb. units)

(Mvep) Of electrons is indicated. originates from the subsurface hydrogen. This conclusion is
supported by the fact that the binding energy of the (1
APPENDIX A: QUANTITATIVE ANALYSIS OF THE BAND (CH,) component depends on the depth from which the pho-
BENDING ON THE C (100)-(2X1):H SURFACE toemitted electrons escayEig. 7). The C(1s) (CH,) com-

) ponent originating from the 3—4-A depth has a lower binding
TO gvaluate the sgrfacr:a band rl;)endlng V‘g,a f?COfded phot%’nergy than the one corresponding to the 10—20-A escaping
emission spectra using the synchrotron radiation so(see depth (Fig. 7). This observation illustrates once again the
Sec. I_D. The spectra,_recqrded at 450- and 318-eV_phot0 and bending in the surface lay@ee Appendix Aand di-
energies, are shown in Fig. 7. These photon energies Werr%ctly suggests that the C¢JL (CH,) component originates

chosen to give photoemitted electrons with kinetic energie?rom the species distributed in the surface layer, i.e., subsur-
of 165 and 33 eV, with respect to the binding energy of the P Yer, 1.e.,

bulk C(1s) component at 285.0 €. The 33-eV kinetic en- face hydrogen. _ .

ergy electrons have the shortest mean free path of 3-4 A The assignment of the photoabsorption peaks in the NEX-
while a longer mean free path of 10-20 A is expected for thé'\FS spectra was done as follows. Thec 4 resonance lo-
165-eV kinetic energy electrof&This difference means that Cated at 287.1 eV was interpreted as an electron transition
by varying the photon energy we can probe €) &lectrons from the C(1s) level to the unoccupied™ antibonding state
escaping from different depths below the diamond surface. 1ef the C-H monohydride according to Hoffmat al.** The

can be seen in Fig. 7 that the binding energy of the electronEX; and Ex; resonances, located at 283.8 and 286.0 eV,
(284.11 eV escaping from the 3—4-A depth is 0.44 eV lower respectively, have been previously assigned to the surface
than that of electrons escaping from the 10-20-A depticore resonances associatedstéonded dangling bonds of
(284.55 eV. It directly implies that upward band bending the C-C dimers on the clean diamond C(J{@X1)
exists on the hydrogenated diamond surface. surface®?
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