Surface Science 365 (1996) 825-830

Tx s ot
e science

i

L

surfac

. Yalence-band photoemission of the H-plasma annealed (100)
' textured CVD diamond surface

G. Francz **. P. Kania ®, P. Oelhafen ®, T. Schedel-Niedrig b R. Schlsgl b R. Locher®
* Institut fiir Physik. Universitat Basel, Klingelbergstrasse 82, CH-4056.Basel, Switzerland

* Eritz-Haber-Institur der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

¢ Fraunhofer-nstitut fiir Angewandte Festkorperphysik, Tullastrasse 72, D-79108 Freiburg, Germany
Received | November 1995; accepted for publication 18 April 1996

_ A (100) textured chemical vapor deposited (CVD) diamond thin film was exposed to a hydrogen plasma at 850°C 4s & déﬁ]iiﬂg
procedure and was subsequently investigated by X-ray absorption spectroscopy (XAS) and ultraviolet photoclectron spectroscopy
(UUPS) with synchrotron radiation in the range 30 eV <hv <150 V. The dominant feature of the UPS spectra between 30 and 60 eV

itation energy-is the presence of a distinet peak at around 1.8 eV below the Fermi level. This feature can be identified as a surface
tate of the-reconstructed diamond (100) surface. In analogy to reported UPS measurements of reconstructed natural diamonds of
|(100) orientation reported earlier, the results are discussed in terms of a surface reconstruction of the (100) textured CVD diamond
film. The electronic properties of the (100) textured CVD diamond thin film are compared to the ones of annealed or H-plasma

exposed natural diamond (100). The UPS

tsofa hyﬂl £e ‘.
surface discussed here are, to our knowledge, the first reported.
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1. Introduction

The manifold applications of diamond especially
in the field of semiconductor applications have
raised growing interest in depositing diamond films
with increasing quality and defined texture. The
possibility of growing thin diamond films with a
defined crystallographic texture is an encouraging
breakthrough. However, the growth mechanism is
still poorly understood, which is caused, at least
fto some extent, by lack of understanding of the
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diamond surface and its electronic properties. We
have conducted several experiments focusing on
the electronic properties of natural diamond (100)
and (111) surfaces [1-4]. While the natural dia-
mond surfaces proved fo be often contaminated
with oxygen, chemical vapor deposited diamond
thin films were absolutely clean, as a result of the
exposure to atomic hydrogen during the growth
process. Regarding this and the relatively compli-
cated polishing and cleaning procedures for natural
diamond together with the fact that CVD diamond
may be important for device applications we
decided to investigate the CVD diamond (100)
surface more closely by ultraviolet photoelectron
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spectroscopy (UPS) and X-ray absorption spectro-
scopy (XAS).

2. Experimental

The diamond film was deposited on a p-doped
(100) silicon wafer in a standard downstream
microwave plasma enhanced chemical vapor
deposition setup (MPECVD) [5-7]. A gas com-
position of 1.5% CH, in H, and a pressure of
50 mbar was used for the deposition step. The
sample was polished in a nucleation step with
diamond powder. The set of growth conditions
employed leads to preferred growth along the
[100] direction and the angular spread of the
nuclei orientation is rather small, amounting to
3°-5° in both polar and azimuthal directions as
characterized by X-ray texture diffractometry
[5-7]. The surface thickness is estimated to about

30 pm which is thick enough to conceal the under-

lying silicon. The film was exposed to a hydrogen
microwave plasma for about 15 minutes at 850°C
as a cleaning procedure, cooled down in vacuum
and was then transported through air. Core level
photoclectron spectroscopy of the hydrogen
plasma exposed films indicated no surface contami-

nation by oxygen after transportation through air.
Ultraviolet photoelectron spectroscopy (UPS)

and X-ray absorption spectroscopy (XAS) of the
CVD diamond film were carried out in a Vacuum

Gencralor {UG\ cloul-)!e«:hambor UHv system
with base pressures of 5 x 10~ '* mbar. The photon-

energy-dependent UWV-photoemission measure-

menis and the Xaray absorption spectroscopy

(XAS) were performed at the SX700-1 beamline at

the Berlin Synchrotron Radiation source BESSY.

The photon energy ranges from 10 to 2000 eV, and

ihe menoehromator was operated with a resolution

of 0.2ZeV at 150 ev photon cnargy and of oscv
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at the C K-edge. The phomn energy was calibrated
using the HOPG sample (Union Carbide) by
taking the value of the lowest energy C 1s 7
transition from EELS data (2854eV). A VG
CLAM electron energy analyzer was used for the
photoemission experiments and a partial-electron-
yield detector equipped with two commercial

multichannel plates (Hamamatsu) for
Spectroscopy.

For comparison, ultraviolet phot
spectra of an annealed or H-plasma expo

some figures,

3. Results and discussion

Fig. 1 reflects the UPS Hell spectra before
after exposure of the CVD diamond film to
H-plasma (curves e and ¢, respectively), which
performed ex-situ in a microwave plasma
chamber with downstream configuration, A dr
matic change in the valence band spectra ca
observed, especially the appearance of two p
near the valence band maxima, named S1 and.
in the following. The letter S stands for surfa
related features, while the letter B is used for by
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Fig. 1. Valence band spectra of: (a) natural diamond (100) aff
H-plasma at 870°C; (b) natural diamond (100) annes
955°C; (c) (100) textured CVD diamond after H-plasn
850°C; (d) same film measured with 40.8 eV synchrotron 1
tion; (¢) same CVD diamond film as received; The s
area reflects the additional intensity after hydrogen pl
anncaling.



related features. For oqmparison the UPS spectra
of a natural diamond (100) crystal annealed at
S’C (curve b), the spectra of the same diamond
after H-plasma exposure at 870°C (curve a) and
UPS spectra of the (100) textured CVD film
red with 408eV synchrotron radiation
e d) are displayed. The striking similarity

between the valence band spectra of the CVD film
UELWEELL LG VAIELCE DAL SPECLTE 01 LNE U V L2 1M

and the natural diamond [1] implies that the

surface of the H-plasma cleaned/annealed CVD

diamond film is reconstructed.

- Fig. 2 displays the valence band spectra of the

(100) t@AiuId CYD diamond fm meavuisd with

synchrotron radiation and excitation energies

ging from 30 10 130eV after leaving (he

'-'plnamn clmud film exposed in air for one weok

In comparing the valence band speetra, the major

mnd was the emergence of a narrow, dispersionless

peak around 1.8 eV (81, in Fig. 2) binding energy.
It intcnsj:y steadily increases from 33 to 43¢V

ind abruptly decreases at 60 eV excitation energy.
The sccond major trend was a slow variation in

he carbon 2s-to-2p cross section. It is known that
ic cross scction of the lower 2s-like portion of the
’,

inlence band is enhanced with respect to the upper
prlike portion at high cxcitation energics [8],
yhile at low excitation energies the situation is
wversed. From the close correspondence of the
40-150 eV spectra to the valence-band density of
siates, calculated by Painter et al. [9], the ratio of
he carbon 2s-to-2p cross section can be approxi-
mately taken for unity at hv=140-150eV. This
j0ss section is consistent with the ones of Pate
{al. [10] and Bianconi et al. [11] who found
hat, in their photoemission studies of the valence
and of diamond (111) and graphite, the 2s-to-2p
section ratio is unity at hv=160eV and hv=
eV, respectively. We have observed several
ures highlighted by tic marks, and tagged by
letter B for bulk related features and S for
ace related features. For comparison the UPS
a of the same film measured with the unpo-
light of a helium discharge lamp (Hell:
¥=40.8 eV) immediately after H-plasma cleaning
re inserted. The spectrum labeled (A) is taken
n the film after cooling in a hydrogen atmo-
while spectrum (B) is taken from the same
Im cooled while evacuating the plasma chamber.
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Fig. 2. A series of valence band spectra of a (100) textured CVD
diamond film after H-plasma annealing at 850°C, recorded with
photon energies from 30 to 150 V. S1 marks the surface state,
while bulk features are indicated by the letter B,

The peak B3 at 13.5eV is characteristic for the
sp*-bonded diamond and its maximum was used
for aligning the spectra, because of charging which
occurs when performing photoelectron spectro-
scopy on highly insulating samples. Justification of
this method comes from recognizing that his peak
remains dispersionless over a wide range of photon
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energies [ 10]. B4 reflects mainly the partial density
of s-states, while B2 reflects mainly p-states.

A complete and detailed picture of the atomic
arrangement on the diamond surface and the corre-
sponding electronic properties i$ only beginning
to evolve. It is an established fact that both
the diamond (111) and diamond (100) surfaces
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undergoe a surface reconstruction upon anncnhng

and hydrogen desorption. While on the diamond

(111) surface the reported surface states are caused

by the formation of n-bonded chaing of theé stiter-

most carbon atoms [12] the situation in the case
of the diamond (100) reconstruction is still contro-
versial. The diamond (100) surface is special, as its
surface carbon atoms have two dangling bonds.
The dihydride passivation of the dangling bonds
is most probably unstable due to the high steric
forces belween neighboring hydrogen atoms [13].
The monohydride surface is 2x 1 reconstructed,
but no surface states in the bandgap are to be
expected from theoretical calculations [147, while
the clean hydrogen-free diamond (100) surface still

is 2x1 reconstructed with a slightly decreased
distance between the dimer forming surface carbon
atoms and is reported to show a surface state near
the valence band maximum, The landmark study
v of Wa et al. has shed some light on the el&;clrunic
properties of the reconstructed natural diamond
(100) surface [15]. The authors reported the dis-
persion of the surface-related features along the
) direction measured with 40 eV synchrotron
radiation and found a binding energy of L.5¢V for
the surface state S1 at normal emission. Although
there is some difference in surface state intensity
of the peak S1 from the C(100)-(2x 1) surface

reported by Wu et al. compared to our measure- -

ments, the position of the peaks, namely S1 and
B1, are in good agreement. Theoretical calculations
of the surface band structure of reconstructed
diamond (100) surface [16,17] show positions of
the surface state which are consistent with our
measurements.

Recently, it was reported by Thoms and Butler
[19] that the natural diamond (100) surface exhib-
its the monohydride dimer formation after cleaning
in a 800°C hydrogen plasma as probed by high
resolution electron energy loss spectroscopy
(HREELS) and low energy electron diffraction

surface [22]. Simultaneously the surface sta

‘ence the electronic

- also performed for the first time on a (100)

(LEED) measurements. The authors report a twi
domain 2 x 1 reconstruction as observed by LEED
for the hydrogen (deuterium) saturated and for’

1050°C annealed diamond surface. The annealed
surface exhibits no peaks in the CH stretching
region indicating desorption of all surfac
hydrogen, while the hyclrogen plasma treated and

L PO WS [ SR [tk R i N e i ¥ iy et R

hydrogenated (or deuteﬂ\ted) surface clearly sh, --__‘_l
peaks dug 10 C-H (G-B) alreishing The raig

between monohydrogenated and clean surface

fégions. after the hydragen plasma ireatment i§ A8

given however. Regarding the theoretical calculss
tions of Yang et al. [20] and Frauenheim et a
[21], which indicate no surface state related feature
i 1 1 1)

in the electronic c!ensnty of states in the case of
monochydride diamond ( 100) surface and the obsep

vations of Thoms and Butler it is Hgmy probé !

ble
that the observed surface state S1 is caused b

hydrogen-free diamond (100) 2 x 1 surface region

UPS measurements of the CVD diamond fil
after H-plasma treatment at increasing tempe
atures show a decrease in, and at 10007°C the tol

absence of, the negative electron affinity pe
normally seen on the H-saturated (100) dia ..;.

related psak §1 inereases in intensity [&2 ] Thit
is also a difference vigible in the case of the natus
(100) diamond surface after exposing (he Crgl
to a H-plasma at 870°C or 920°C (see Fug. 3). Th
itensity of the featute SI ¢ strongly incredd
suggesting a more complete reconstruction .-'_
surface at higher temperatures. Moreover i
reported earlier [ 18] that cooling of CVD diamg
films after deposition in a hydrogen atmospl
preserves the surface-state related structure ar
2 and 4 eV binding energy. As known from
experiments, molecular hydrogen does no
states, or the
reconstruction.

The exposure of the reconstructed s
atomic deuterium produced by a hot |
reverses the effect of the last H-plasma
at 920°C, as can be seen by the decrease in i
of the surface state S1 (chained line).

Carbon K-edge XAS which is sensitive
chemical environment of the carbon atol

CVD diamond film (for a more detailed
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Fig. 3. Valence band spectra of natural type 1Ib (100) diamond
before and after hydrogen plasma exposure at 870°C and 920°C,
nd after deuterium exposure.

see Ref. [24]). In the XAS spectra an absorption
eature is observed at 284.6 eV in the bulk band
sap, which is associated with a transition from the
C 1s surface core level to an unoccupied state with
# symmetry. The results confirm the above model
for the H-plasma annealed-diamond (100) surface.
In particular, the well known assignment of the
spectra of carbonaceous material combined with
the information from the polarisation dependence
of n*, (C—H)*, and ¢* resonances, indicates that
the surface region of the CVD diamond exhibits
({C=C) groups as well as (C-H) groups. The
umption of an at least partially clean hydrogen-
¢ 2 % | reconstructed surface therefore seems to
be justified.

The most common model for diamond growth
by microwave plasma CVD, which was first pro-
posed by Setaka [25], deals with the desorption
of hydrogen atoms saturating the dangling bonds
of the diamond surface. In this model a H atom
leaves the surface by reaction with an atomic
hydrogen from the gas phase, forming molecular
hydrogen. The free dangling bond is then resatu-
rated by another H atom or by a hydrocarbon
fadical. Qur experiments would indicate that the

G. Francz et al. [Surface Science 365 ((1996) 825-830 829

hydrogen leaves the diamond surface, either by the
above explained process or by thermal desorption,
at the typical deposition temperatures for CVD
diamond growth. However, the dangling bonds are
not resaturated by the hydrogen from the plasma,
instead they are forming dimers on the recon-
structed surface. The desorption-adsorption pro-
cess, which is surely a temperature-dependent
dynamic process, could be out of equilibrium at
high plasma temperatures, leaving the diamond
(100) surface reconstructed and hydrogen-free.
Future experiments, hopefully, will give more infor-
mation concerning this possibility and the exact
atomic configuration of the hydrogen-plasma
annealed diamond (100) surface.

4. Conclusion

UPS measurements of the H-plasma annealed
(100) textured CVD diamond-film indicate the
presence of an occupied surface related state with
n symmetry, which we associate to the dimer bonds
of the partially hydrogen-free 2 x 1 reconstructed
diamond (100) surface. Moreover, XAS measure-
ments of the same film confirm the results found
by UPS by the observation of an unoccupied
surface state related feature with 7* symmetry
[24].
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