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Role of electronic band structure and resonances on electron reflectivity and vibrational
excitation functions: The case of hydrogenated diamond
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We report on an high resolution electron energy loss study of electron surface reflectivity and excitation of
the C–H stretch mode of hydrogenated polycrystalline diamond films at low energy. Their specular energy
dependences demonstrate that~i! the reflectivity is dominated by the conduction band structure. In particular
the second absolute band gap of bulk diamond results in a strong increase of the elastic backscattered intensity
around 13.5 eV.~ii ! The vibrational excitation is dominated by a negative ion resonance process around 8 eV
and a band gap induced scattering enhancement around 13 eV.
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Low energy electron scattering by means of high reso
tion electron energy loss spectroscopy~HREELS! technique
is widely used for the study of adsorbate chemisorbed
metals1 or semiconductors surfaces.2 This technique is a
highly surface sensitive method capable in particular of
termining adsorbate vibrations, and thereby basic adsorp
geometries and bonding to the substrate. Scattering me
nisms are usually derived from vibrational cross sectio
measured as a function of the scattering angle and/or
function of the incident electron energy.3 In number of stud-
ies vibrational excitation functions~intensity variation of vi-
brational energy losses as a function of the incident elec
energy! are normalized to the elastic peak or to the ba
ground intensities and any observed enhancement in t
curves is associated with resonant processes.1,2,4 However
this normalization procedure may complicate or make
possible the understanding of the electron scattering me
nisms, as the elastic or background intensities are modul
by the conduction band density of states~CB DOS! above
the vacuum level of the substrate-adsorbate complex.

In order to clarify this point we investigate experimenta
in this work the role of CB DOS on electron scattering, i.
surface reflectivity~cross section of quasielastically bac
scattered electrons! and vibrational excitation, from bare an
hydrogenated~CVD and in-situ! diamond. These system
have been chosen because they have been extensively
ied in view of their many possible applications5 and are thus
particularly well known. More specifically~i! possible bond-
ing configurations of hydrogen on diamond have been
perimentally determined by vibrational spectroscopy.6,7 ~ii !
The electronic band structure of diamond above vacu
level has been calculated.8 ~iii ! It has been established from
near-edge x-ray absorption fine structure~NEXAFS!
measurements9,10 that adsorption of atomic hydrogen pr
serves the bulk electronic band structure up to the surface
expected the major features of the reflectivity curves
tained are related to the characteristics of the CB DOS
particular the strong enhancement of the backscattered in
sity observed around 13 eV is associated to the existenc
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the second absolute band gap of diamond. Concerning
vibrational excitation functions of the C–H stretching bon
they present peaks around 8 and 13 eV. We associate
latter to the second absolute band gap: the backscatt
electrons in this energy range cannot penetrate the subs
and the most probable exit channel for these electrons is
vacuum, which explains the observed enhancement.
peak at 8 eV is attributed to the negative ion resonance~NIR!
responsible for H2 desorption.11 This work demonstrates tha
the understanding of any scattering mechanisms requires
knowledge ofboth the energy dependence of the quasiel
tically and of inelastically backscattered electrons.

The experiments were performed in a UHV system~base
pressure below 5310211 Torr) with a HREEL spectromete
~IB500 by OMICRON!, which has been specially designe
to record energy loss spectra as well as quasielastic~reflec-
tivity ! and inelastic~vibrational! excitation functions in the
energy 2–20 eV.12 All the spectra presented were obtained
the specular geometry with an incident direction of 55 d
grees from the surface normal and an overall resolution
;5 meV, measured as the full width at half maximu
~FWHM! of the elastic peak.

The samples, polycrystalline diamond films, were dep
ited onp-type doped silicon substrates by a standard mic
wave chemical vapor deposition~CVD! using conditions de-
scribed elsewhere.11 The thickness of the as grown film
were 5–10mm with crystallite size of 1–2mm. These CVD
conditions result in fully hydrogen terminated surfaces. T
surface composition and phase purity of the films were
amined ex-situ by various spectroscopic methods and ph
desorption. Before performing the measurements these
situ hydrogenated samples were annealed to 400 °C in
UHV to desorb all species possibly physisorbed on its s
face like water or hydrocarbons.

Bare diamond films surfaces were prepared in-situ by s
eral annealing cycles to 1000 °C. In-situ hydrogenat
deuterated diamond surfaces were prepared by exposu
the bare surface to activated hydrogen/deuterium during
1–1.5 h. This was achieved by molecular gas flow over a
©2003 The American Physical Society21-1
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(1850 °C) tungsten filament positioned 3 cm away from
sample surface. The surface temperature during this pro
was only few tens degrees above room temperature, and
pressure of hydrogen was kept at 131025 Torr by leaking
hydrogen into the system and continuously pumping wit
turbomolecular pump to maintain high-purity conditions.

Figure 1 shows HREEL spectra of the bare diamond s
face at incident electron energy of 9 eV and of CVD a
in-situ hydrogenated surfaces obtained at incident elec
energy of 8 eV. These spectra are in general agreement
those obtained in previous studies and are quite w
understood.7 Only the striking features are described in th
paper and we refer to previous publications for exhaus
discussion of the HREEL spectra.7,13 The spectrum of the
bare surface is mainly characterized by a strong C–C vib
tion peak around 154 meV and its overtones around 300
450 meV, and a peak at 92 meV which corresponds to thep*
bonded carbon dimers (CvC) upon closing the surface dan
gling bonds~surface reconstruction!. The HREEL spectra of
the hydrogenated surfaces present remarkable change
compared with the bare surface one. The CvC bond peak is
completely absent, while the peak associated with the C
stretching modes and centered at 361 meV is now stro
indicating that the diamond surface is fully hydrogen term
nated. This last feature14 results from the contribution o
losses attributed to the excitation of symmetric and asy
metric stretching vibrations in different types of C–H bon
~mono-, di-, and tri-hydrides! present on the polycrystallin
diamond surface.4,6,7

The specular elastically backscattered electron curves~re-
flectivity curves! measured for incident electron energie
E0 , in the 3–17 eV range for the three types of sample
shown in Fig. 2. These curves of hydrogenated and
hydrogen-free diamond surfaces present completely diffe
features. For the hydrogenated surfaces the reflectivities
very similar and are essentially dominated by an intense p
at 13.5 eV and smaller peaks at 10.5 and 8 eV. In the cas
hydrogen-free surface, peaks at 11.5 and 8.5 eV are
served.

FIG. 1. ~Color online! HREEL spectra of the hydrogen-free dia
mond (E059 eV), in-situ hydrogenated (E058 eV), and ex-situ
hydrogenated (E058 eV) surfaces. The elastic peak intensity is
bitrarily normalized to 200.
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As expected the reflectivity curve for in-situ deuterat
surface~not shown here! is identical to the in-situ hydroge
nated one, since the electron reflectivity dependsessentially
on the electronic structureof the substrate upper atomic lay
ers. Given that for the hydrogenated diamond surface, b
band structure is maintained up to the surface as determ
in NEXAFS experiments due to carbon dangling bonds sa
ration by hydrogen atoms,9 we associate in this case the fe
tures in the reflectivity to the details of diamond band stru
ture above vacuum level, and thereby to the features of
density of states.8 In particular we associate the 13.5 eV fe
ture with the second absolute band gap of diamond, sinc
electron having an energy in this range cannot propagate
bulk diamond. The fact that this band gap shows up in
experiment despite the polycrystalline nature of our subst
comes from its absolute character.

For hydrogen-free surface the reflectivity curve must
associated to the electronic structure of the reconstructed
face. As we observed from the NEXAFS spectrum of the
surfaces, the electronic structure is modified upon rec
struction. In particular new states are created, located in
second diamond band gap, thus resulting in the absence
maximum in the reflectivity curve around 13.5 eV.

The lower intensity peaks measured at 10.5 and 8
observed in the case of hydrogenated surface can als
associated with minima in the calculated conduction ba
density of states that also showed up in the NEXAFS sp
trum. These features will be discussed in details toget
with those of hydrogen-free surface in a forthcoming pap

Figure 3~a! presents the intensity of the C–H stretchin
mode excitation~energy loss 362 meV! scanned as function
of the incident electron energy for in-situ and ex-situ hyd
genated surfaces. These curves related to the hydrogen
minations are as expected also similar to the energy de
dences~not shown! for all the losses in the 350–380 me
range and for the C–D stretching mode, in the case of in-
deuterated diamond substrate. The two main peaks aro
8.5 and 13 eV are superimposed on a decreasing backgro
These different features have to be discussed in term
electron scattering mechanisms: dipole, impact, and re

FIG. 2. ~Color online! Specular electron reflectivity curves fo
the hydrogen-free~full squares!, in-situ hydrogenated~triangles!,
and ex-situ hydrogenated~hollow circles! diamond surfaces.
1-2
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nance scattering. We associate the decreasing backgrou
the contribution of the dipole scattering mechanism.

Resonant scattering for chemisorbed systems involves
temporary capture of the incident electron, either into
empty orbital of the adsorbate forming a negative i
resonance15 or by the crystal surface giving surface state
surface resonance~SR!. In the latter case, the resona
mechanism is connected with the electronic properties of
adsorbate-surface complex and two cases can be di
guished: one is related with beam emergence threshold
LEED experiments16,17and the other to the coupling betwee
the incident electron and a localized surface state.18,19 Sur-
face resonances associated to diffraction effects are no
pected in this case considering the polycrystalline chara
of the present substrate, and furthermore considering
threshold for emergence of a new diffracted beam, estima
from the electron beam angle of incidence and the size of
reciprocal lattice of a diamond surface taken as monocrys
We associate the 8.5 eV peak of Fig. 3 to an excitation p
cess via NIR, which has been observed in around 9 eV in2

electron stimulated desorption~ESD! experiments.11 This as-
signment is also in agreement with the existence of a NIR
saturated hydrocarbons, contributing to vibrational excitat
in the same 8–10 eV energy range.20 In the NIR mechanism
the incident electron may be captured into an empty orb
of the adsorbate and the increased interaction time betw
the incoming electrons and the system results in an incre

*Email address: lafosse@lcam.u-psud.fr
1T.S. Jones and N.V. Richardson, Phys. Rev. Lett.15, 1752~1988!;

H. Conrad, R. Scala, W. Stenzel, and R. Unwin, J. Chem. P

FIG. 3. ~Color online! C–H stretching mode excitation func
tions for the in-situ~triangles! and ex-situ~hollow circles! hydro-
genated diamond surfaces~a! as measured and~b! after normaliza-
tion to the elastic peak intensity.
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efficiency in electron-molecule energy transfer. The comp
ing decay channels of the NIR state are~i! electron autode-
tachment leaving the adsorbate-substrate complex in a vi
tional excited state~as observed here! and ~ii ! dissociative
electron attachment~DEA!15 leading to the emission nega
tive ion.

The enhanced excitation observed around 13 eV has t
related, most probably, to the presence of the diamond
ond absolute band gap. Since the probability for the electr
to enter the substrate is strongly reduced, the probability
be re-emitted is greatly enhanced. The number of electr
backscattered into the vacuum strongly increases, what
the scattering process has been elastic or inelastic, i.e., in
particular case the excitation of the C–H stretching vibrati
We prefer this tentative interpretation to the alternative on
involving an increased probability of adsorbate-substr
complex vibrational excitation by resonant mechanisms,
no NIR are known in this energy range in saturated hyd
carbon molecules20 and as SR have already been exclud
for the studied system.

Figure 3~b! represents the excitation functions normaliz
to the intensity of the elastically backscattered electrons.
features of the divided curves can hardly be understood w
considering the different scattering mechanisms, in particu
the wide deep around 13 eV. These results show that su
normalization procedure is not suitable when working with
substrate presenting a band gap above the vacuum leve

Thoms and Butler have investigated hydrogen termina
C~100! single crystal diamond.4 From angular measuremen
and integrated intensities of C–H related vibrational los
~155, 303, and 362 meV!, deduced from HREELS spectr
recorded over the reduced energy range 7–14 eV and
malized to the background, these authors concluded that
pact scattering is the main involved electron mechanism.
cording to the presented elastic and inelastic excitat
functions continuously recorded over the energy range 3
eV, dipole and resonant scattering are involved in addition
energy band structure effects.

In conclusion our work demonstrates that the understa
ing of electron scattering mechanisms from surfaces requ
the knowledge of both the energy dependence of
quasielastically and of inelastically backscattered electro
Electron surface reflectivity of hydrogenated polycrystalli
diamond films is dominated by the conduction band el
tronic structure of diamond, in particular the second abso
band gap of bulk diamond results in a strong increase of
elastic backscattered intensity around 13.5 eV. The excita
processes of the C–H stretch mode at low energy is do
nated by NIR around 8 eV and a band gap induced scatte
enhancement around 13 eV.

We gratefully acknowledge A. Borisov and K. Bobrov fo
stimulating discussions, and the Conseil Ge´néral de
l’Essonne for its financial support of the experiment.
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