
PHYSICAL REVIEW B 15 JANUARY 1999-IIVOLUME 59, NUMBER 4
Photon-stimulated desorption of H1 and H2 ions from diamond surfaces:
Evidence for direct and indirect processes
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Photon-stimulated desorption of positive and negative hydrogen ions from hydrogenated diamond film and
Di~100! surfaces and amorphized diamond surface has been studied for incident photon energies in the 280–
340 eV range. From comparison between the H1 yield as a function of photon energy and the near-edge x-ray
absorption fine structure recorded by detecting secondary electrons of selected kinetic energies the processes
leading to photodesorption are assessed. It is shown that desorption of H1 occurs through two different
processes: an indirect process involving secondary electrons from the bulk and a surface process. The surface
process is characterized by a resonance at 287.5 eV photon energy, which reveals the presence of C-H bonds
on the diamond surface. Stimulated desorption of H2 is mainly the result of indirect processes that involve
secondary electrons. H1 photodesorption from an amorphized diamond surface can be also induced by C (1s)
ionization. However, no H2 desorption from the amorphized surface could be detected. We suggest that this
effect is associated with the reduced secondary electron emission yield of the amorphized diamond surface.
Our results demonstrate that ion photodesorption may be used as a sensitive probe for hydrogen on diamond
surfaces.@S0163-1829~99!05603-9#
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INTRODUCTION

Photon-stimulated desorption of ions and neutrals fr
surfaces is a consequence of primary electronic excitat
whose relaxation results in nuclear motion, bond sciss
and desorption.1,2 Desorption induced by core-level excita
tions may involve direct or indirect electronic processes.
direct desorption processes are initiated by the secon
electron emission, which induces valence excitatio
whereas direct processes proceed through the relaxatio
core holes.3,4 Desorption processes stimulated by core-le
electronic excitations have been studied extensively in re
years, in particular for the negatively charged desorb
ions.5–11 Studies of the ion fragments produced by the co
level excitations have yielded insight into dissociati
pathways.12–16 Many of these studies have shown that tw
hole, one-electron~2h1e! states, in which two holes are pro
duced in valence band and one electron is excited to an
tibonding level, are often responsible for ionic dissociation16

The mechanism of stimulated desorption promoted
core-level ionization and the contribution of direct and in
rect processes may be studied in some detail by compa
the ion yield and the near-edge x-ray absorption fine str
PRB 590163-1829/99/59~4!/3203~7!/$15.00
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ture ~NEXAFS! recorded by measuring the partial electr
yield for selected electron-kinetic energies. In this paper,
employed this method to study desorption of hydrogen io
stimulated by the C~1s! core-level photoexcitation, from
both hydrogenated diamond films deposited by the chem
vapor deposition~CVD! method and monocrystal diamon
and from an amorphized diamond film.

The study of photon stimulated desorption~PES! of hy-
drogen ions from carbon surfaces is simplified by the f
that this surface has a relatively simple electronic structu
composed of one core level and the valence band. In a
tion, well-defined and chemically stable surfaces can be e
ily prepared. The interaction of hydrogen with diamond s
faces is not only important from the fundamental point
view, but also for some practical applications such as
nucleation and growth of diamond films by CVD. Howeve
the determination of adsorbed hydrogen on diamond surfa
is a most difficult experimental problem: commonly us
surface sensitive techniques, such as Auger and x-ray ph
electron spectroscopy, are not sensitive to hydrogen. F
an analytical perspective, therefore, it is important to de
mine whether photodesorption is sensitive to the amount
chemical state of hydrogen adsorbed on diamond surfac
3203 ©1999 The American Physical Society



n
ti
em
e
o

t
e
o
an
a
m
ia

od

di
h
m
th
d

a

e
e-

-
h
r

nd

c-
C

ri-
a

ac
e

ts
ta

ple

is
De

ro

gy
hly
rgy

lin-
ter
ddi-
and
ng
he
the

a
e

ure
gh
um

ge

by
ted

h 8
tal

, the
ce

re
ns
ra

s at
ved
is
of

is
ere
en

ho-

his

a-

it to

-
may
dia-

3204 PRB 59A. HOFFMAN et al.
The present paper consists of an experimental sectio
which the sample surface preparation and characteriza
are recalled followed by a short description of the syst
where the NEXAFS and photodesorption experiments w
carried out. Then, we present and discuss the photodes
tion results. Here the H1 and H2 ion yields as a function of
photon energy in the 280–340 eV range are compared to
NEXAFS of secondary electrons of selected energies. Th
measurements are complemented by the low-energy sec
ary electron emission measurements of well-defined
amorphized diamond and energy distribution of second
electrons and H1 ions. Finally, we discuss the mechanis
and dynamics of photodesorption of hydrogen ions from d
mond surfaces and summarize our results.

EXPERIMENT

A. Preparation and characterization of surfaces

Polycrystalline diamond films 10mm thick were depos-
ited on silicon substrates by the hot filament CVD meth
using a system previously described.18 The Raman spectrum
measured for these films shows only the characteristic
mond line at 1333 cm21. No additional lines associated wit
amorphous carbon or graphite were measured in the Ra
spectrum. Scanning electron microscopy examination of
films indicated that these were continuous and compose
crystallites of 2–3mm in size.18

Auger analysis of the films shows that their surface w
free of oxygen and other impurities~,0.05 at %!. The
electron-energy-loss spectrum and the C~KLL! line shape of
the films were characteristic of diamond.19,20 The surface of
the as deposited films was terminated by atomic hydrog
This was determinedex situby temperature programmed d
sorption~TPD! measurements of the as deposited film.21

The single-crystal diamond~100! surface was hydroge
nated by exposure to microwave hydrogen plasma. The
drogen flow as 100SCCM~SCCM denotes cubic centimete
per minute at STP!, the hydrogen pressure was 50 torr a
the diamond sample temperature was;900 °C. After this
cleaning treatment, the Di~100! surface was examinedex
situ by Auger, TPD, EELS, and low-energy electron diffra
tion ~LEED!. The Auger spectrum showed a characteristic
~KLL! line of diamond and no evidence of oxygen impu
ties. The EELS spectrum measured by an incident prim
electron energy of 100 eV displays only the bulk and surf
plasmon characteristic of diamond at 33 and 23 eV loss
ergy, respectively. The LEED pattern displays a~100!-231
reconstructed surface. TPD measurements show a single
drogen desorption peak at;900 °C. These measuremen
suggest that after exposure to the hydrogen plasma a s
and well-defined, reconstructed and hydrogen terminated
~100!-231-H is obtained.

B. The experimental chamber

The as-deposited film and single-crystal diamond sam
were inserted into an ultrahigh vacuum~UHV! chamber con-
nected to the SA72 line of SUPERACO at LURE, which
capable of delivering photons in the 150–600 eV range.
tails of the UHV chamber have been given previously.22,23

The UHV chamber is equipped with a hemispherical elect
in
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analyzer~CLAM ! for photoelectron spectroscopy and ener
selected NEXAFS. Ion detection is carried out using a hig
sensitivity RIBER quadruple mass spectrometer. The ene
distribution of the positive ions was measured using a cy
drical mirror analyzer followed by a mass quadrupole fil
for simultaneous mass and kinetic energy analysis. In a
tion, the chamber is equipped with gas activation set up
a gas manifold for adsorption experiments. After inserti
diamond film and single crystal into the UHV chamber, t
chamber was heated at 150 °C for 48 h, which resulted in
base pressure of;7310211 torr.

C. Deuteration experiments

In situ deuteration of the films was carried out with
filament positioned;5 cm from the diamond surface. Th
filament temperature was;1700 °C, D2 pressure was 1026

Torr, and the deuteration time was 90 min. This proced
resulted in the chemisorption of atomic deuterium throu
exchange reactions in which thermally activated deuteri
D* (g) displaces a chemisorbed hydrogen atom H~ads! and
adsorbs onto the diamond surface.28,29 Under the conditions
used in the present study the probability for this exchan
process is;0.05.28,29

RESULTS AND DISCUSSION

A. NEXAFS measurements of different surfaces

The NEXAFS spectra of diamond films were obtained
measuring the intensity of secondary electrons of selec
kinetic energies~8 and 35 eV!, using photon excitation in the
280–340 eV energy range. The NEXAFS measured wit
eV electrons is more bulk sensitive and is similar to the to
electron yield ~TEY!, which is proportional to the low-
energy secondary electron emission. On the other hand
NEXAFS measured with 35 eV electrons is more surfa
sensitive.26,27

The NEXAFS spectra taken from the CVD films a
shown in Figs. 1 and 2 along with the PSD of hydrogen io
@we would like to point out here that very similar spect
were obtained from the hydrogenated Di~100! surface as
well#. The NEXAFS displays a threshold at;289 eV fol-
lowed by a very sharp peak at 289.2 eV and broader peak
higher photon energies. The energy calibration was deri
from the energy position of the dip at 302.4 eV, which
associated with the absolute second band gap
diamond.24–27 In particular, the sharp peak at 289.2 eV
associated with a core exciton. It should be mentioned h
that the core exciton at 289.2 eV was resolved only wh
best resolution conditions were applied to the incident p
ton beam.

In the surface sensitive mode~using 35 eV secondary
electrons!, a structure centered at 287.5 eV is observed. T
peak has been previously assigned to a C (1s)→s* (C-H)
resonance.17 This assignment is supported by NEXAFS me
surements reported by Comelliet al.25 who observed a peak
at 287.5 eV for cyclohexane molecules and associated
the C (1s)→s* transition @compared to the C (1s)→p*
transition at 285.5 eV for graphite#. Therefore, the appear
ance of the 287.5-eV peak in the surface sensitive mode
be associated with the presence of C-H species on the
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PRB 59 3205PHOTON-STIMULATED DESORPTION OF H1 AND H2 . . .
mond surface and not to disordered carbon orsp2 bonded
carbon. A comparison between the near-edge structure o
NEXAFS measured for 8 and 35 eV electrons is shown
the inset of Fig. 1.

FIG. 1. H1 desorption yield from the CVD diamond film as
function of incident photon energy~curvea! compared to the NEX-
AFS spectrum recorded using 8 eV secondary electrons~curveb!.
Curvec is the difference between the H1 yield and the normalized
NEXAFS spectrum. In the inset the NEXAFS spectrum measu
by 8 and 35 eV secondary electrons~bulk and surface sensitive
modes, respectively! are shown in the 280–300 eV photon ener
range.

FIG. 2. H2 desorption yield from the CVD diamond film as
function of incident photon energy~curvea! compared to the NEX-
AFS spectrum measured using 8 eV secondary electrons~curveb!.
Curvec is the difference between the H2 yield and the normalized
NEXAFS spectrum.
he
n

The NEXAFS spectrum measured after 2 keV Ar io
beam irradiation of the diamond film surface shows a thre
old at 283 eV and a well-defined peak at 285.5 eV. The p
at 285.5 eV is associated with a C (1s)→p* transition in
the amorphized carbon structure. This result confirms t
the ion beam irradiated surface contains carbon atoms
dominantly bonded in asp2 hybridization, in agreement with
our EELS measurements and other published work.20

B. Photodesorption of positive and negative hydrogen ions from
CVD diamond films

The PSD of positive hydrogen ions from the CVD di
mond film was measured using photons in the 280–340
energy range. The results of these measurements are s
in Fig. 1~a! along with the NEXAFS spectrum of 8 eV sec
ondary electrons. The H1 desorption yield displays feature
similar to those of the NEXAFS~although they seem to b
superimposed on a monotonically increasing backgrou!
except a sharp structure at 287.5 eV, 2 eV lower than
threshold of the NEXAFS spectrum.

As similar features are observed in PSD and NEXAF
we subtracted the normalized NEXAFS spectrum from
normalized H1 yield. The energy scale and the intensity
each spectrum was normalized to the intensity and posi
of the second band gap of diamond at 302.4 eV. From
subtracted spectrum we concluded that the H1 yield consists
of a signal proportional to the TEY and with a threshold
;289 eV, superimposed to a resonance at 287.5 eV an
signal that varies monotonically with the excitation energ

It appears from that result that the H1 desorption involves
two distinct processes: the first H1 desorption process is gen
erated by the bulk excitations, i.e., by the large flow of s
ondary electrons from the relaxation of C~1s! core holes
from the bulk carbon atoms. The second process, quite
tinct from the first one, is characterized by the resonanc
287.5 eV and does not show the features of the TEY. T
may be an indication that the second process is generate
some surface excitations on the diamond film.

Figure 2~a! shows the negative hydrogen ions desorpt
yield measured in the 280–340 eV range from the CV
diamond film. The H2 yield is much more intense than th
H1 desorption yield. However, an absolute comparison
tween the H1 and H2 ion yield intensities is not possible, a
the relative sensitivity of the mass spectrometer to the p
tive and negative hydrogen ions is not known.

Following the same procedure as that used for the H1 ion
yield, we determined the difference between the normali
H2 yield and the NEXAFS spectrum@see Fig. 1~b!#. To the
great extent the H2 yield is proportional to the TEY, which
means that the H2 photodesorption process is predominan
an indirect process. However, an additional five times l
intensive contribution is also observed. It includes the sa
resonance at 287.5 eV as the H1 yield, followed by a rather
monotonous signal and a broad resonance at;298 eV,
which does not appear in the H1 yield.

C. Photodesorption of positive and negative hydrogen ions
from the hydrogenated Di „100…

The PSD of H1 and H2 ions from CVD diamond films
has been compared in Fig. 3 to that from the hydrogenate

d
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3206 PRB 59A. HOFFMAN et al.
~100! single-crystal sample. From this figure the same f
tures appear in the PSD of H2 and H1 from both surfaces,
but with somewhat different relative intensities. The relat
contribution of the direct process is higher in the case of
CVD diamond films than in the case of Di~100! @i.e., the
relative intensity of the peak at 287.5 eV of H1 yield is
higher for the diamond film than for the hydrogenated
~100! surface#. These small differences may reflect th
higher concentration of hydrogen atoms in the boundary
gion of the CVD diamond films. However, other effects m
be responsible for this small difference, for example, the
gular distribution of the desorbed ions from the Di~100!
surface should peak along bond directions and perhaps
mass spectrometer samples certain directions more
ciently than others. In any case, our results suggest that
todesorption may be used as a probe for detection of hy
gen on the diamond surface, although it seems to
insensitive to the bonding configuration of hydrogen.

D. Photodesorption of positive hydrogen ions from amorphized
diamond films

In Fig. 4 the H1 ion yield from the ion beam amorphize
diamond surface is shown along with the NEXAFS me
sured from the same surface for 8 eV electrons. From
figure the NEXAFS of the amorphized surface displays
well-defined peak at 285.5 eV associated, as descr
above, with carbon atoms bonded in asp2 configuration. In
contrast, the H1 yield is completely smeared out and do
not show any structure characteristic to the NEXAFS sp
trum from the same surface.

This large difference between the H1 photodesorption and
NEXAFS measured for the amorphized diamond surf
suggests that, in this case, the photodesorption proce
mostly dominated by direct surface excitations rather than
bulk excitations~secondary electrons!. This can be under-
stood considering that hydrogen bonded in a disordered

FIG. 3. H1 and H2 yields as a function of the photon energy f
diamond~100! ~curvesa andb! and the CVD diamond film~curves
c andd!.
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bon network results in a destabilization of carbonsp2 bond-
ing in favor of sp3 bonding and from a comparison of th
secondary electron emission yield measured for the well
amorphized diamond surfaces described in the next sect

We were not able to measure the H2 yield from the amor-
phized diamond surface as it dropped below the sensiti
level of our mass spectrometer. This result clearly show
great difference in the H2 yield from a polycrystalline dia-
mond surface and an amorphous carbon structure. This e
is most probably due to a reduction of the secondary elec
yield for the amorphized surface~see below!.

E. Secondary electron emission distribution and yield from
the well-defined and amorphized diamond surfaces

The reduced yield of the photon-stimulated H2 desorption
for the amorphous surface may be associated with the

FIG. 4. H1 desorption yield as function of incident photon e
ergy from the amorphized diamond film~curve a! compared to
NEXAFS spectrum recorded using 8 eV secondary electrons~curve
b!.

FIG. 5. Secondary electron emission spectrum of the diam
film ~curve a! and the amorphized diamond surface~curve b! ex-
cited by a 450 eV photon beam.
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PRB 59 3207PHOTON-STIMULATED DESORPTION OF H1 AND H2 . . .
duced secondary electron emission yield from the amorph
carbon. To further investigate this possibility, we compare
Fig. 5 the secondary electron emission spectra of the w
defined and amorphized diamond surface measured as
sponse to 450 eV photon irradiation. The secondary elec
emission distribution was carried out in the 0–50 elect
kinetic energy as most of the secondary electrons are em
in this range.

As observed from Fig. 5, the low-energy secondary el
tron emission yield is severely reduced for the amorphi
surface. The fact that the intensity of low-energy second
electrons is much lower in the case of the amorphized
face as compared to the hydrogenated diamond surface
have several reasons. First, the mean-free path of electro
reduced in the disordered amorphous region. Second,
negative electron affinity of the hydrogenated diamond s
face is known to increase the yield of ejected electrons fr
it surface.

This reduction in intensity is in full agreement with ou
conjuncture that H2 desorption is mainly a consequence
indirect processes involving secondary electrons. Furth
more, as described above, for the amorphized surface the1

photodesorption yield does not show the well-defined p
measured in the NEXAFS at 285.5 eV. The channel for p
todesorption through indirect processes~by valence excita-
tions induced by secondary electrons! is strongly reduced as
compared to the case for the well-defined surface, direct
cesses are dominant, thus giving a stronger weight to sur
localized processes. Considering now that hydrog
‘‘opens’’ double bonds when bonded to carbon in a dis
dered carbon matrix, photodesorption processes prom
mainly by a direct process should not reflect thesp2 signa-
ture ~peak at 285.5 eV!, which is due to bonding betwee
carbon atoms only, as ended found~Fig. 4!.

F. Energy distribution of H 1 photodesorbed ions

In order to gain some more insight in the photodesorpt
process, we have also recorded the kinetic-energy distr
tion of H1 ions. These measurements involve extremely l
counting rates and, therefore, require long measuring ti
and very intense photon beam. The kinetic-energy distri
tion of photodesorbed H1 ions from the diamond film was
measured for incident photon energies of 290 and 350 eV

FIG. 6. Kinetic energy distribution of H1 photodesorbed ions
from the diamond film for a photon excitation energy of 350 eV
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similar distribution was obtained for both photon energ
and it is shown in Fig. 6 for the case that the diamond s
face was irradiated by 350 eV photons.

As seen from Fig. 6, the kinetic-energy distribution of H1

consists of two peaks at 1.7 and 4.0 eV. It may be sugge
that the sources of the two peaks in the H1 energy distribu-
tion may be the direct and indirect electronic processes
sponsible for the photodesorption. The existence of low~1.7
eV! and rapid~4.0 eV! desorbing H1 ions may be ascribed to
one or several of the following effects: First, one could arg
that the direct process gives rise to rapid desorbing i
whereas the indirect one gives rise to slow ions. Indeed,
direct process involved a C~1s! hole formation followed by
an Auger relaxation. This is expected to result in highly io
ized species, which may release a high amount of kin
energy for desorbing ions. On the contrary, the indirect p
cess involves only valence electronic excitation, which
expected to release less kinetic energy. Second, one c
argue that slow and rapid H1 ions originate from different
adsorption sites. Third, one cannot exclude that for a give
adsorption site and given desorption process~for example
the direct process!, both slow and rapid H1 ions can be de-
sorbed due to electronic relaxation of the initially excit
state towards two separate repulsive curves. From our m
surements it is difficult to distinguish between these effe
and further experimental work is planned to establish
nature of these two peaks.

G. Photodesorption from deuterated diamond film surfaces

It is known that the diamond CVD surface is fully sat
rated by chemisorbed hydrogen, while the bulk hydrog
concentration is estimated to,1 at. %.16 In order to verify
that the measured H1 and H2 photon-stimulated desorptio
reflects a surface process,in situ deuteration of the surface
was performed and the D1 and D2 photon-stimulated de-
sorption was measured. Following the deuteration proce
D1 ~and D2) signal could be measured when the diamo
surface was subjected to photon irradiation showing that
exchange reaction took place~Fig. 7!. The D1 (D2) yield, as
a function of photon energy, was similar to that obtained
H1 (H2), although with much lower intensity. The simila
ity between the H1 (H2) and D1 (D2) yields and photon
energy indicates that the photon-stimulated H1 and H2 de-
sorption yields as a function of photon energy represen
surface process.

H. Mechanism of photodesorption: evidence for direct
and indirect processes

The present study reveals two distinct processes for
H1 and H2 photodesorption: the first one results from t
bulk excitations and the second one from the surface exc
tions. The first process is considered to be of an indir
nature whereas the second is a direct one.

The first process implies the role of secondary electr
from the bulk of diamond, i.e.,indirect processes, for nearly
all the H2 yield and some of the H1 yield. In this case, two
photodesorption mechanisms may be assumed. The first
involves valence excitations of the hydrogenated surface
duced by secondary electrons. Considering that the minim
energy to desorb an H1 ion may be estimated by the sum o
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3208 PRB 59A. HOFFMAN et al.
the C-H bond energy~;4.3 eV!, plus the ionization energy
of H ~13.6 eV!, minus the electron affinity of the hydroge
nated diamond surface~20.5 to21 eV!, this makes a mini-
mum energy to desorb H1, which should be around 18–1
eV. Clearly a single valence-band excitation is not likely
be energetic enough to produce ion desorption. As we p
posed in our paper Ref. 23, the excitation to desorb1

should involve a multielectron valence excitation, for e
ample ionic satellite state excitations. Secondary electr
with such high kinetic energies~19–50 eV! do exist as can
be seen from the NEXAFS spectrum with electrons hav
kinetic energies of 35 eV~Fig. 1!. However, these secondar
electrons are coming from the top layers of the diamo
sample rather than from the bulk.

The second mechanism may involve the electron atta
ment to the hydrogen atoms ejected by a direct process a
surface. For the present study we were not able to mea
the yield of atomic hydrogen as a function of the incide
photon energy in order to prove that assumption. Howeve
is known from the literature that desorbing H atoms or po
tive ions may efficiently capture electrons when leaving
surface, giving rise to H2 photodesorbed ions. The negativ
electron affinity of diamond,30 which results in the photo
emission of electrons with very low kinetic energy, will ce
tainly enhance the probability of electron attachment p
cess.

Turning now to thedirect processin the PSD, we note
that this process has been observed mainly in the H1 photo-
desorption yield but also, with the reduced probability, in t
H2 yield. It is characterized by a resonance at 287.5
which is 2.0 eV lower than the threshold of the TEY. T
energy position of that resonance is the same as the r
nance in the surface sensitive NEXAFS where it was ass
ated with a C (1s)→s* (C-H) transition.25 Therefore, the
resonance at 287.5 eV may be associated to the H1 photo-

FIG. 7. H1 and H2 desorption yields as a function of inciden
photon energy~curvesa and b! from the hydrogenated CVD dia
mond film. D1 and D2 desorption yields~curvesc and d! from a
deuterated diamond surface as a function of incident photon ene
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desorption following the core-level excitation of surface c
bon atoms bonded to hydrogen atoms, H~ads!. We suggest
the following mechanism for this process. After the ioniz
tion of the C (1s) level, relaxation of the core hole occurs o
a time scale of 10216– 10217 s, characteristic to the electroni
processes~Ref. 3 and references therein!. This electronic re-
laxation is much faster than any nuclear motion, respons
for desorption of H1 that occurs on a time scale o
10213– 10212 s.3 Obviously, the relaxation of the C (1s) core
hole takes place through a downward electronic transit
involving the local valence band. It may result in a radiati
~emission of x-ray! or a nonradiative transition, involving th
emission of a third electron~Auger electron! as a mean to
relax the excess electron energy. For the lowZ elements,
such as carbon, a nonradiative or Auger type relaxation p
cess is preferred with a probability of nearly 1. Therefore,
most probable relaxation process of the C (1s) core hole is
through an Auger transition leading to the emission of a
~KLL! Auger electron with;270 eV kinetic energy and for
mation of two localized valence-band holes. When the io
ization occurs in a carbon atom bonded to a hydrogen at
the localized two hole states in the C-H~ads! bond may cause
the bond breaking and the emission of H1 through the charge
separation as the most likely way to relax the large hole-h
repulsive interaction. This process may explain desorption
H1 ions, but cannot account for desorption of negative s
cies, such as H2.

The contribution of the resonance at 287.5 eV to the p
todesorption of H2 ions is about five times less intensiv
than the contribution from the secondary electron proces
We speculate that this small resonance-driven contribu
may be induced by some valence excitations of surface
lecular species by electron impact or, alternatively, by
electron attachment from the diamond surface to an H a
or positive ion whose desorption was stimulated by a dir
process.

SUMMARY

The photodesorption of H1 and H2 ions has been studie
in detail from various diamond surfaces. For each surfa
two photodesorption processes were identified. The first
is an indirect process generated by the electron impac
secondary electrons from the bulk. In this case, the photo
sorption of H1 and H2 ions may originate from the valenc
excitation of C-H bonds on the surface induced by the s
ondary electron emission. In addition, the photodesorption
H2 ions may also proceed through an electron attachm
process involving photodesorbed H atoms and/or H1 ions.
The second photodesorption process is a direct process
acterized by a resonance at 287.5 eV, which is 2.0 eV lo
than the threshold of the total electron yield. This proce
involves the ionization of the 1s levels of carbon atoms
which are bonded to hydrogen adatoms at the surface.

ACKNOWLEDGMENTS

This research was supported by the grant from the jo
French-Israeli ‘‘Arc en Ciel’’program. One of us~M.P.! ac-
knowledges the Australian Department of Industry, Scien
and Technology for financially supporting his visit to LURE

y.



v.

, J

J.

n

an,

l.

n,

n,

n,

L.

P.

L.

. B

es,

R.

nd

PRB 59 3209PHOTON-STIMULATED DESORPTION OF H1 AND H2 . . .
1D. Menzel and R. Gomer, J. Chem. Phys.41, 3311~1964!; P. A.
Redhead, Can. J. Phys.42, 886 ~1964!.

2L. Sanche, Phys. Rev. Lett.53, 1638~1984!.
3R. D. Ramsier and J. T. Yates, Jr., Surf. Sci. Rep.12, 243~1991!.
4Ph. Avouris and R. E. Walkup, Annu. Rep. Phys. Chem.40, 198

~1989!.
5R. A. Baragiola and T. E. Madey, inInteraction of Charged Par-

ticles with Solid and Surfaces, Vol. 271 of NATO Advanced
Study Institute, Series B: Physics, edited by A. Gras-Marti~Ple-
num, New York, 1991!, p. 313.

6A. M. Lanzilloto, T. E. Madey, and R. A. Baragiola, Phys. Re
Lett. 67, 232 ~1991!.

7M. Petravic, Phys. Rev. B48, 2627~1993!.
8M. Petravic and J. S. Williams, J. Vac. Sci. Technol. A1, 26

~1995!.
9A. Hoffman, S. D. Moss, P. J. K. Paterson, and M. Petravic

Appl. Phys.78, 6858~1995!.
10M. Petravic, J. S. Williams, and A. Hoffman, Phys. Rev. B53,

R4257~1996!.
11A. Hoffman and M. Petravic, Phys. Rev. B53, 6996~1996!.
12P. Morin and I. Nenner, Phys. Rev. Lett.56, 1913~1986!.
13D. A. Lapiano-Smith, C. I. Ma, K. T. Wu, and D. M. Hanson,

Chem. Phys.90, 2162~1989!.
14P. Lablanquie, A. C. A. Souza, G. G. B. de Souza, P. Morin, a

I. Nenner, J. Chem. Phys.90, 7078~1989!.
15R. A. Rosenberg, J. Vac. Sci. Technol. A4, 1463~1986!.
16D. E. Ramarker, J. Vac. Sci. Technol.2, 1137 ~1983!; H. I.

Sekiguchi, T. Sekiguchi, and K. Tananka, Phys. Rev. B53,
12 655~1996!.
.

d

17Y. Takata, K. Edamatsu, T. Yokoyama, K. Seki, and M. Tohn
Jpn. J. Appl. Phys., Part 228, L1282 ~1989!.

18A. Hoffman, A. Fayer, A. Laikhtman, and R. Brener, J. App
Phys.7, 3126~1995!.

19A. Hoffman, K. Bobrov, B. Fisgeer, H. Shechter, and M. Folma
Diamond Relat. Mater.5, 977 ~1996!.

20A. Hoffman, K. Bobrov, B. Fisgeer, H. Shechter, and M. Folma
Diamond Relat. Mater.5, 76 ~1996!.

21K. Bobrov, B. Fisgeer, H. Shechter, M. Folman, and A. Hoffma
Diamond Relat. Mater.6, 736 ~1997!.

22G. Dujardin, G. Comtet, L. Hellner, T. Hirayama, M. Rose,
Philippe, and M. J. Besnard-Ramage, Phys. Rev. Lett.73, 1727
~1994!.

23L. Hellner, L. Philippe, G. Dujardin, M-J. Ramage, M. Rose,
Cirkel, and P. Dumas, Nucl. Instrum. Methods Phys. Res. B78,
342 ~1993!.

24J. F. Morar, F. J. Himpsel, G. Hollinger, G. Hughes, and J.
Jordan, Phys. Rev. Lett.54, 1960~1985!.

25G. Comelli, J. Storh, C. J. Robinson, and W. Jark, Phys. Rev
38, 7511~1988!.

26J. F. Morar, F. J. Himpsel, G. Hollinger, J. L. Jordon, G. Hugh
and F. R. McFelly, Phys. Rev. B33, 1346~1986!.

27J. F. Morar, F. J. Himpsel, G. Hollinger, G. Hughes, and F.
McFeely, Phys. Rev. B33, 1340~1986!.

28T. Aizawa, T. Ando, M. Kamo, and Y. Sato,Advances in New
Diamond Science and Technology~MYO, Tokyo, 1994!, pp.
457–460.

29D. D. Koleske, S. M. Gates, B. D. Thoms, J. N. Russell, Jr., a
J. E. Butler, J. Chem. Phys.102, 992 ~1995!.

30C. Bandis and B. B. Pate, Phys. Rev. B52, 12 056~1995!.


