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Morphological and electronic properties of ultrathin crystalline silica epilayers
on a Mo„112… substrate

T. Schroeder, J. B. Giorgi,* M. Bäumer, and H.-J. Freund
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4–6, 14195 Berlin
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Ultrathin crystalline silica layers grown on a Mo~112! substrate have been shown to be a useful silica model
oxide support in surface science model catalyst studies. As the oxide support material plays an important role
in the catalytic process, a multitechnique surface science study is presented to characterize the morphological
and electronic properties of the heteroepitaxial system SiO2 /Mo(112). The long-range order of the silica
epilayer which grows commensurate with ac(232) surface unit mesh on the Mo~112! substrate is studied by
low-energy electron diffraction~LEED!. The defect structure of the silica epilayer is characterized in a spot
profile analysis~SPA!-LEED study. Antiphase domain boundaries split the silica epilayer into an array of silica
crystal grains whose average size and shape is determined. Aiming to prepare flat silica surfaces, the change in
the surface roughness with progress in the film preparation is monitored in a combined SPA-LEED and
scanning tunneling microscopy~STM! study and seen to influence also the Si-O stretching frequency in the
infrared-reflection-absorption spectroscopy spectra. In STM images of the final silica film an average surface
roughness of about 1 Å is detected. It is possible to visualize the silica film unit cell periodicity. A combined
anger electron spectroscopy and ultraviolet photoelectron spectroscopy valence band study confirms the silica
film stoichiometry and the growth of a 4:2 coordinated silica polymorph on the Mo~112! surface. These various
surface science studies allow us to propose models for the growth and structure of the silica epilayer on the
Mo~112! surface.

DOI: 10.1103/PhysRevB.66.165422 PACS number~s!: 68.35.2p, 68.37.Ef, 68.47.Gh, 79.60.2i
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I. INTRODUCTION

One surface science approach to study the struct
reactivity relationship of oxide supported metal cataly
consists of growing the oxide support material on a suita
metal substrate in the form of a thin well-ordered oxide fi
on which the catalytically active metal clusters a
deposited.1–3 Silica (SiO2) is a widely used oxide suppor
material in heterogeneous catalysis, but the preparatio
suitable model silica surfaces in the form of clean and w
ordered silica oxide films on metal supports remained
experimental challenge.

Goodman et al. reported the preparation of stoichio
metric, but amorphous silica layers which were grown
Mo~110! ~Ref. 4! and Mo~100! ~Ref. 5! single crystal sur-
faces. The same group carried out first model catalyst stu
by depositing Cu clusters on the system SiO2 /Mo(110).6

Kohl et al. followed this approach in a more recent work b
using again the latter system to study silica supported Rh
Rh/VOx catalysts.7 In contrast, Mayeret al.and Madeyet al.
deposited Ni~Ref. 8! and Pt~Ref. 9! particles, respectively
on amorphous silica layers prepared by thermal oxidation
Si wafers.

However, the amorphous nature of these model silica
faces renders a control over the structural aspects of
model catalyst system very difficult. Therefore, these
proaches are only of limited use to elucidate in surface
ence model catalyst studies the structure-reactivity relat
ship of silica supported metal catalysts. In order to achi
this goal, it is advantageous to use as silica model ox
support a thin crystalline~instead of an amorphous! silica
layer on top of a metal substrate. The first successful pre
0163-1829/2002/66~16!/165422~11!/$20.00 66 1654
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ration of such a thin crystalline silica film grown on
Mo~112! single crystal surface has been reported by
group.10–12 In this way, surface science model catalyst stu
ies of silica supported metal catalyst with structural cont
have become feasible and first results are available for
system Pd/SiO2 /Mo(112).13

As the oxide support is known to play an important role
the catalytic reaction, a multitechnique surface science st
is presented in this paper to characterize in detail the pr
erties of the heteroepitaxial system SiO2 /Mo(112). The or-
ganization of the paper is as follows. After the introducti
in Sec. I, the UHV equipment as well as the preparat
recipe to grow well-ordered silica films on a Mo~112! surface
is briefly discussed in Sec. II. Section III presents the exp
mental results of the surface science studies. These re
are discussed in Sec. IV and used to set up growth and s
ture models of the silica epilayer on the Mo~112! surface.
Section V gives a summary and an outlook on future wo

II. EXPERIMENTAL

Most of the experiments have been carried out in an O
cron multichamber UHV system with a base pressure o
310210 mbar, described in detail elsewhere.14 A self-
designed high-temperature cell~HTC! has been integrated t
allow sample manipulation up to 2500 K. The high tempe
ture treatment is required to clean the Mo~112! surface. The
cleaning procedure consists of an oxidation step at 1500
followed by several high temperature flashes to appro
mately 2300 K to free the surface from any residual moly
denum oxides.14 Reference spectra, taken immediately af
crystal cleaning, are labeled with the number~0!.

The silica film preparation usually starts with four cycl
©2002 The American Physical Society22-1



4
ti
o
h
tio
on

a
om
o
-

e

lie
1

b
th
ke
to

fo

ca
-

n
-
i

w

g
o

tu
n

e

-

e
nd
ic

ts

lt

it
r
g

re-
ean
up
d

ots

e
r
real

he

e

SCHROEDER, GIORGI, BA¨ UMER, AND FREUND PHYSICAL REVIEW B66, 165422 ~2002!
of silica deposition which are labeled by the numbers 1 to
For reasons given below, one study required the prepara
of a thicker film than usual so that two additional silica dep
sition cycles denoted 41 and 411 have been applied. Eac
of these silica deposition cycles consists of a Si deposi
step followed by an oxidation step. During the Si depositi
a focus EFM 3 evaporator, calibrated with the help of
quartz microbalance, is used to evaporate by electron b
bardment of a silicon rod approximately half a monolayer
Si on the Mo~112! crystal which is kept at 300 K. The sub
sequent oxidation is carried out at 800 K in an atmospher
about 531026 mbar O2 for 6 min. After the deposition of
the silica film is completed, four annealing steps are app
which take 15 min each in an oxygen background of
31025 mbar. The temperature is gradually increased
about 50 K by progressing from one annealing step to
next and usually ranges from 1100 to 1250 K. Spectra ta
during SiO2 film annealing are denoted by the numbers 5
8 according to the respective annealing step.

Sample transfer is carried out under UHV conditions
further sample characterization. The main chamber
equipped with a four-grid LEED optics and a hemispheri
electron energy analyzer~SES 200! for sample characteriza
tion by low-energy electron diffraction~LEED!, auger elec-
tron spectroscopy~AES!, and x-ray/ultraviolet photoelectro
spectroscopy~XPS/UPS! studies, respectively. All UP spec
tra reported in this work have been recorded at normal em
sion and the photoelectron peak positions are referenced
respect to the Mo~112! Fermi level~zero point of the energy
scale!. An Omicron VT-STM~variable temperature scannin
tunneling microscope! has been used for real space studies
the surface in the constant current mode at room tempera
Finally, a Bruker IFS 66v/S IR spectrometer is attached to a
IR cell of the chamber to carry outinfrared-reflection-
absorptionspectroscopy~IRAS! studies in the spectral rang
from 650 to 4000 cm21, using p-polarized IR light under
grazing incidence (F584°). In addition, spot profile analy
sis LEED studies with a SPA-LEED optics~Leybold! have
been carried out in a different chamber.

III. EXPERIMENTAL RESULTS

A. Crystallinity and defects

After introducing the surface crystallography of th
Mo~112! substrate surface, LEED, SPA-LEED, STM, a
IRAS studies are presented to characterize the morpholog
properties of the heteroepitaxial system SiO2 /Mo(112).

1. The long range order of the silica epilayer

Figure 1 shows a perspective view of the clean Mo~112!
substrate surface. The~112! surface of a bcc crystal consis
of close-packed atomic rows orientated along theaW 1

5@ 1̄1̄1# direction which are separated by furrows in theaW 2

5@ 1̄10# direction. A rectangular surface unit mesh resu
with a unit cell spacing of 2.73 and 4.45 Å along the@ 1̄1̄1#

and the@ 1̄10# directions, respectively. According to its un
mesh in real space, the Mo~112! surface shows a rectangula
LEED pattern. In the nomenclature applied in the followin
16542
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spots at the positions of the former substrate spots are
ferred to as fundamental spots. STM topographs of the cl
Mo~112! surface have been recently published by our gro
in a combined LEED/STM study of an oxygen-induce
p(233) surface reconstruction of the Mo~112! surface.15

Inverted LEED images (E556 eV) of the silica layer on
the Mo~112! surface are shown in Fig. 2. Superlattice sp

FIG. 1. LEED pattern (E556 eV) and perspective view of th
trough and row structure of the Mo~112! surface. The rectangula
surface unit mesh is indicated in the reciprocal as well as in the
space image.

FIG. 2. SPA-LEED data (E556 eV) of the~21,21! superlat-

tice spot profiles along the@ 1̄1̄1# and the@ 1̄10# direction during the
silica film deposition (1 – 411) and during the silica film annealing
procedure~7 and 8!. Along each of these substrate directions, t
size of the crystalline silica domains~upper insets! and the inte-
grated profile intensity~lower insets! have been derived during th
silica film preparation.
2-2
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of similar intensity as the fundamental spots are now pres
in the center of the substrate unit meshes. The film unit m
bW * can be described as ac(232) overstructure with respec
to the substrate unit meshaW * , indicating a pseudomorphi
growth of the silica layer on the Mo~112! surface. Using the
known dimensions of the substrate unit mesh as an inte
standard in the LEED pattern, the real space unit cell dim
sion of the commensurate silica film unit meshbW is derived
to be 5.22 Å. Due to the axis ratio of the substrate unit me
the film unit cell vectorsbW span an angle of 63° so that th
symmetry of ac(232) overstructure on the Mo~112! surface
is very close to a hexagonal overlayer structure.

2. The defect structure of the silica epilayer

Undercoordinated atoms at defects often show an
hanced reactivity compared to regular sites. To understan
future studies the growth process of deposited metal clus
on the SiO2 overlayer as well as the interplay of the cataly
and the oxide support in catalytic reactions, an analysis
the defect structure of the silica layer is given here.

(a) Antiphase Domain Boundaries. The LEED patterns of
the silica overlayer in Fig. 2 provide some valuable inform
tion about the surface defect structure. Moving along
aW 1* 5@ 1̄1̄1# direction from the central~0,0! beam, all funda-
mental spots are sharp and isotropic, but the superla
spots exhibit a streaky spot shape. This is due to a str
broadening of the superlattice spots primarily along

@ 1̄1̄1# direction. Along theaW 2* 5@ 1̄10# direction, the super-
lattice spots are also, but only slightly broader than the f
damental spots. Such periodic LEED patterns of sharp
streaky LEED spots have been shown in the literature
arise whenever the long-range order of the surface struc
is disturbed by the presence of antiphase dom
boundaries.16

Two pieces of information can be extracted from th
LEED pattern. First, theorientation of the domain bound
aries in real spacedetermines which spots are broadened
reciprocal space by the presence of these line defects.
extent to which this spot broadening occurs along a gi
direction in reciprocal space is a direct measure of the
defect density along the same direction in real space. In
present case it is seen that only superlattice spots are br
ened along both substrate directions by these lateral sur
imperfections and that the broadening is anisotropic and
sults in an elongated spot shape along theaW 1* 5@ 1̄1̄1# direc-
tion. Therefore, it can be concluded that the silica epilaye
split in real space by an array of line defects along the@ 1̄1̄1#

and @ 1̄10# substrate directions. Furthermore, the elonga
superlattice spot shape along theaW 1* 5@ 1̄1̄1# direction
clearly shows that the line defect density is higher along
direction. Secondly, theaverage size of the crystalline silic
domainsalong each of these two substrate directions can
derived from the measured width of the corresponding su
lattice spot profiles. For this purpose, a SPA-LEED study
reported in Fig. 2, where the evolution of the profiles of t
~21,21! superlattice spot during the silica film depositio
(1 – 411) and the silica film annealing procedure~5–8! has
16542
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been monitored along the@ 1̄1̄1# and @ 1̄10# substrate direc-
tion ~LEED images corresponding to each of these prepa
tion steps have been discussed in a previous publication!.11

The ~21,21! spot profiles along both directions are we
described by Lorenzian line shapes. The intensity profile
spots affected by the presence of antiphase domain bo
aries is given by such a Lorenz function when the statist
size distribution of the domains can be described by a m
ematical model of noninteracting film domains with a co
stant decay probability of the film domain sizeS.16 Applying
this model of noninteracting film domains to fit the report
line profiles of Fig. 2 allows one to calculate the average s
S of the crystalline silica domains along the two substr
directions.14 The results are shown in the upper insets of F
2. In both directions, the average domain sizeS reaches a
constant value after completing the third deposition cycle
the rest of the silica film deposition procedure (S1̄1̄1'25 Å
andS1̄10'30 Å). It is only during the film annealing proces
that a marked decrease in the width of the superlattice s
and, in consequence, a strong increase of the domain siz
the silica film is detected (S1̄1̄1'35 Å andS1̄10'48 Å).

The lower insets in Fig. 2 show the evolution of th
~21,21! superlattice spot intensity during the silica film
preparation~1–8!. An interesting point is the fact that th
intensity of the superlattice spot passes a maximum after
third cycle during the silica film deposition procedu
(1 – 411). This can be understood by taking into accou
that, due to the difficulty to separate the background inten
of the diffraction experiment from the very slowly decayin
shoulder structure of the Lorenz profile, the integration lim
to derive the intensity have been restricted to the central
of the superlattice spot. As outlined in Sec. II B, the onset
a roughening of the silica surface can then be detected
such a decrease of the integrated intensity whenever the
lected beam energy differs from the in-phase scattering c
dition between the different height levels present on
silica surface. This detected roughening of the silica surf
after the formation of a first well-ordered, substrate stabiliz
silica layer~1–3! continues with progress in the film depo
sition: growing a thicker silica film than usual by applying
additional depositon steps (41 and 411) deteriorates the
integrated superlattice beam intensity~and the contrast of the
LEED pattern! even further. It is only by the interruption o
the silica deposition and the application of the film anneal
procedure~5–8! that the integrated superlattice beam inte
sity is recovered and a flat and well-ordered silica surfa
can be prepared, as further explained in the next section

(b) Steps. A kinematical SPA-LEED step analysis can b
carried out when the surface is rough, but well ordered~top
panel of Fig. 3!.17 As LEED patterns of high quality can onl
be obtained from the silica layer on the Mo~112! surface
when the annealing temperature is beyond 1150 K, the
structure on the silica surface has been studied by S
LEED after annealing to 1200 K~7! and 1250 K~8!. These
studies analyze the energy dependence of the angular pr
of the ~0,0! beam diffracted from the silica surface. A
sketched in the top panel of Fig. 3 for two different scatteri
energiesE1 and E2 , the intensity profile of the~0,0! beam
obtained after diffraction from a rough crystalline surfa
2-3
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FIG. 3. Upper panel: (above)Well-ordered
real space surface structure with a lateral spac
a and four different participating surface layers
coverageU which set up single and double laye
steps of heightd and 2d, respectively~left!. Dif-
fraction on a stepped surface at in- and out-
phase conditions conserves the total scattering
tensity, but its distribution oscillates in depen
dence of the diffraction energy between a cent
spike and the shoulder of the beam~right!. ~Be-
low! Calculated energy dependence of the inte
sity ratio between shoulder and total intensity f
a two ~three! level system for various amounts o
surface roughnesses@curve a: u150(0.01), u2

50.02(0.01), u350.98(0.98); curve b: u1

50(0.02), u250.04(0.02), u350.96(0.96);
curve c: u150(0.03), u250.06(0.03), u3

50.94(0.94)].Bottom panel: Step analysis of the
SiO2 overlayer on the Mo~112! surface. The en-
ergy dependence of the ratio between shoul
and total diffracted intensity is plotted for th
intensity profile of the~0,0! beam along both
substrate directions@solid line: annealing step
~7! ~1200 K!; dashed line: annealing step~8!
~1250 K!#.
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consists of a sharp central spike~dominated by the instru
ment response function of the SPA-LEED optics! and shoul-
ders ~determined by the Fourier transform of the genera
unknown step distribution function on the surface!.18,19Their
relative intensities depend on the phase relationship for s
tering between adjacent levels, i.e., the energy. Chang
from an in-phase to an out-of phase energy, a decrease i
sharp central spike region and an intensity increase in
shoulder structure is observed~and vice versa!. In conse-
quence, the ratio between the shoulder and the total sca
ing intensity of the~0,0! beam oscillates as a function of th
scattering energy. The simulations in Fig. 3 show this beh
ior for a two- and a three-level system~see specifications o
the surface roughness in the figure caption!. In-and out-of
phase conditions are seen to result in minima and maxim
these plots, respectively. These simulated curves can be
pared with the experimental data of the silica film on t
Mo~112! surface~bottom panel of Fig. 3!.

After annealing the silica film to about 1200 K, no ener
dependent oscillation of the ratio between the detec
Gaussian shoulder and the total scattering intensity of
~0,0! beam can be measured along the@ 1̄1̄1# direction, but it
is clearly evolved along the@ 1̄10# direction. Due to the ab-
sence of side minima in the experimental curve, it is co
cluded that a two-level system is sufficient to describe
step structure on the silica surface. The surface coverage
the two-level system can be extracted from the amplitude
the oscillation and the analysis shows a surface level oc
pation of ;5 and ;95 % for the first and second level
using the level enumeration of Fig. 3. The step heighd
between these two levels is calculated from the two sub
16542
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quent in-phase conditions~minima! in the curve and an av
erage value ofd;2 Å is derived. It is surprising that the

two-level step structure is detected along the@ 1̄10#, but not

along the@ 1̄1̄1# direction. A possible explanation is a ste
structure on the silica surface in form of terraces whose
mensions are comparable to the transfer width of the S

LEED instrument in the@ 1̄1̄1# direction, but much smaller

along the@ 1̄10# direction.
Applying a further annealing step at 1250 K shows th

this step structure on the silica surface is not stable. Thi
indicated in the SPA-LEED study in Fig. 3 by~a! the further
decrease of the ratio between the shoulder and the tota
tensity along both directions and by~b! the fact that this
intensity ratio does not show an energy dependence along

@ 1̄10# direction anymore. Thus, these SPA-LEED resu
give strong evidence for the successful preparation of a
silica surface.

In order to obtain further information, the results of th
diffraction study were supplemented by local imaging of t
silica surface with STM. All STM topographs have been r
corded at room temperature and at high positive sample b
No change in the surface morphology has been observe
changing the tip bias fromUT523 to 26 V. Therefore, it is
likely that tunneling from the STM tip into the conductio
band of the oxide film becomes the dominant tunneling ch
nel in this bias region so that the surface morphology of
silica oxide film is imaged. STM studies of ultrathin silic
films on Si wafers reported very similar bias conditions
image the silica oxide layer.20,21 In addition, it has been
found in this study that a sample bias higher than16 V
2-4
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results in a clear loss of contrast in the images. This and
fact that the STM study failed to achieve atomic resolution
ascribed to the poor conductivity of the wide band gap m
terial silica. Space charge regions are formed in the ox
during the STM experiment at the high bias voltages wh
tend to smear out the details of the electronic structure of
sample.22

Figure 4 shows the results of the STM study of the sil
film on the Mo~112! substrate during the silica film annealin
procedure~5–8!. The first two annealing steps@1100 K ~5!
and 1150 K~6!# do not change the surface morphology of t
freshly deposited silica film. The STM topograph~5 and 6! is
a representative real space image of the surface at these
preparation steps. The silica surface is rough and cove
with three-dimensional silica conglomerates which coale
in part and exhibit an average diameter of about 30 Å.
this granular surface structure renders the identification
silica islands with a diameter smaller than 20 Å difficu
only islands of bigger size are used in the following to d
termine the coverage of the silica surface by silica adislan
Thus, a lower limit of the adisland coverage is given whi
amounts to approximately 30% of the surface at the end
the annealing steps~5! and ~6!. The average height of thes
islands iŝ 4.8& Å. The root meansquare~r.m.s.! definition of
the surface roughness23 yields a value of approximately 3 Å
for the STM topograph~5 and 6!. The detection of a rough
silica surface by STM at the end of the silica film depositi
and during the early annealing steps is in line with the res
of the SPA-LEED study~see above!.

FIG. 4. Top panel: Overview STM images„1003100 nm2; UT

525.8 V, I 50.5 nA @~5 and 6! and ~7!#; UT524.9 V, I
50.5 nA ~8!… of the silica surface during the silica film annealin
procedure~5–8!. The surface morphology changes drastically fro
a rough, almost granular structure~5 and 6! towards a two-
dimensional network of irregular flat terraces~8!. An intermediate
case is the formation of a step structure in form of stripes wit

@ 1̄1̄1# orientation on the silica surface~7!. Bottom panel: High
resolution STM image (538 nm2; UT520.5 V, I 50.5 nA) of a
flat silica terrace from the STM topograph~8!. The crystal orienta-
tion is the same for all images and is indicated by the coordin
systems.
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The following annealing step~7! at 1200 K results in a
strong increase of the contrast in the LEED pattern, as ca
inferred from the upper insets of Fig. 2 where the superlat
spot intensity is seen to increase at this preparation step
consequence, a substantial change in the surface topolo
expected and indeed detected in the STM study. The S
topograph~7! shows that the surface roughness decrea
strongly and a r.m.s. value of just 2 Å is derived. The most
characteristic feature of the STM topograph~7! is a step

structure in form of bright stripes running along the@ 1̄1̄1#
substrate direction. This stripe structure probably res

from a decoration of the misfit dislocation lines with@ 1̄1̄1#
orientation by silica islands.14 This idea is supported by th
proposed structure models of the silica epilayer discusse
Sec. IV where only the most frequent line defects w

@ 1̄10#, but not those with@ 1̄1̄1# orientation are seen to b
compatible with the silica lattice. Accordingly, a high degr
of disorder can be expected for the latter ones so that
very likely that they serve as nucleation sites for silica ad
lands. In contrast to the more frequent line defects along

@ 1̄10# direction, this decoration structure allows to image t

line defects with @ 1̄1̄1# orientation. The resulting stripe

structure shows an average distance of^40& Å in the @ 1̄10#
azimuth which is in nice agreement with the above discus
SPA-LEED results for the width of the silica domains in th
direction. In addition, a smaller amount of silica adislan
are found on the terraces which do not contribute to
formation of the stripes. Counting again only silica adislan
with a diameter bigger than 20 Å, it is found that about 8
of the surface is covered by silica conglomerates exhibit
an average height of about 461 Å. It is noteworthy that,
except for the exact step height, the surface morphology
tected by STM~surface coverage and stripe structure alo

the@ 1̄1̄1# direction! fits well to the results of the correspond
ing SPA-LEED step analysis@solid lines~1200 K! of anneal-
ing step~7! in Fig. 3#.

The SPA-LEED step analysis also shows that this str
structure decays during the last annealing step~8! @dashed
curves~1250 K! in Fig. 3#. The STM image~8! shows that
indeed a further strong rearrangement of the surface m
phology of the silica epilayer has taken place. The r.m
value of the surface roughness decreases further to abou
Å. The surface of the final silica epilayer can be described
the presence of an irregular network structure of connec
two-dimensional terraces. These terraces have in most c
an elongated shape along the@ 1̄1̄1# direction. Small silica
adislands are randomly distributed over these terraces w
exhibit on average a height of about 2 Å and a diameter of
approximately 20 Å. Adislands of this or a bigger diame
cover about 2% of the surface. Three different terrace lev
are identified in the STM images which are separated by
average step height of about^1& Å. This very small step
height is probably responsible for the failure of the SP
LEED study to reflect within the accessible energy range
silica surface morphology after the application of the la
annealing step~8!.
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Figure 4 shows in the bottom panel a high resolution ST
image of one of these silica terraces. The STM topograph
been recorded at low tunneling voltages where the tip is
close vicinity to the surface.24,25With a detected surface cor
rugation of about 0.5 Å, the STM study succeeds to ima
the silica unit cell periodicity. In analogy to the LEED stud
white lines sketch these unit cells in form of ac(232) pat-
tern with respect to the Mo~112! surface. A unit cell lattice
spacing of about 560.5 Å is derived from the STM mea
surement which is in reasonable agreement with the m
accurate value of 5.22 Å reported in the LEED study.

3. The vibrational excitations of the systemSiO2 ÕMo„112…

It has been shown thatP-polarized IR radiation at oblique
incidence can only excite polar optical modes at longitudi
optical frequenciesvLO in an oxide/metal structure.26,27 The
phenomenon that the equivalent of longitudinal opti
modes in an infinite medium can be stimulated in thin film
by P-polarized IR radiation under oblique incidence
known as the Berreman effect.28

Figure 5 summarizes the IRAS spectra of the syst
SiO2 /Mo(112) in the spectral range from 650 to 1600 cm21

~top panels! and 3600 to 3900 cm21 ~bottom panels! which
have been collected at 300 K during the film deposition@left
panel~1–4!# and the annealing process@right panel~5–8!#.

The IRAS spectra collected during thesilica film deposi-
tion ~1–4! show only very weak IR signals in the wave num
ber region below 900 cm21. As outlined below and in accor
dance with recent results of an HREELS study on the oxy
adsorption states on the Mo~112! surface,29 the small peak
structure at 675 cm21 can possibly be assigned to the Mo-

FIG. 5. IRAS spectra of the silica epilayer on the Mo~112! sur-
face during the deposition~1–4! and the annealing~5–8! steps. The
upper~bottom! panels show the spectral region from 650 to 16
cm21 ~3600 to 3900 cm21! ~see text!.
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mode of oxygen atoms which are located at t
SiO2 /Mo(112) interface in the quasithreefold hollow site
on the Mo~112! surface. The symmetric Si-O stretchin
modes of moderate IR activity are detected in form of t
small bands around 850 cm21. The IR activity of the sym-
metric Si-O modes is lower than for the asymmetric Si
stretching motions in the wave number range from 950
1250 cm21 by a factor of 15.30,31 During the early stage o
the silica film deposition~1,2! the IRAS spectra are charac
terized in this spectral range by a very narrow peak at 9
cm21 @full width at half maximum~FWHM! ;15 cm21# and
a broad band at 1022 cm21 ~FWHM ;60 cm21!. The posi-
tion of the peak at 987 cm21 is very close to the literature
value of the Si-O vibration frequency in silanol Si-O
groups~;980 cm21!.32 The assignment of this peak structu
to silanol groups is supported by the small band at 37
cm21 which corresponds to the O-H frequency in SiO-
groups.32 All spectra ~1–4! show this peak, but only the
spectrum~4! at the end of the silica film deposition is show
in the bottom left panel. The broad band at 1022 cm21 is
located in the low-frequency limit of the spectral range of t
asymmetric Si-O stretching motions.33–36 It is attributed to
the formation of the pseudomorphic initial SiO2 layer on the
Mo~112! surface because it correlates with the appearanc
the LEED pattern of good quality during the early stage
the silica deposition. Furthermore, the assignment of
phonon band to an asymmetric Si-O mode which is infl
enced by the formation of Si-O-Mo species at the interfac
supported by IR studies of silica supported molybdenum
ide catalysts.37 When the molybdenum oxide catalysts a
dispersed on the silica support by wet impregnation te
niques, these IR studies report~depending on the oxidation
state of the molybdenum oxides! the appearance of new
asymmetric Si-O absorption bands in the spectral range f
925 to 1110 cm21. The application of the third and the fourt
silica deposition cycle strongly increases the intensity of
small high frequency shoulder at about 1190 cm21 from
cycle ~2! and shifts the band position to 1208 cm21 ~3! and
1218 cm21 ~4!, respectively. This blueshift in the band pos
tion of a silica film vibration can possibly be attributed to
decrease in the coupling strength between the vibrationa
pole of the film mode and its own image dipole in the me
substrate when the film grows thicker.38 Furthermore, a low-
frequency shoulder at;1155 cm21 becomes clearly detect
able in this peak after the third~3! and the fourth~4! silica
deposition cycle. Both peaks show a FWHM value of a
proximately 80 cm21 at the end of the silica film depositio
~4! and the peak positions allow to identify these IR bands
asymmetric Si-O stretching motions.39,40 It is interesting to
note that the appearance of this double peak structure co
lates with the increase of the surface roughness of the s
layer discussed above in the SPA-LEED study for the l
silica deposition steps. Therefore, the asymmetric S
stretching frequency is clearly seen in this IRAS study to
sensitive to the details of the silica surface morphology. T
supports the results of theoretical studies where the sur
roughness has been found to strongly influence the posit
of the asymmetric LO Si-O modes in thin silica layers.41
2-6
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The idea of the influence of the surface morphology
the asymmetric LO Si-O mode positions is also reflected
the behavior of this double peak structure in the IRAS sp
tra during thesilica film ánnealingprocedure@spectra~5–8!
in the right panel of Fig. 5#. The decrease of the surfac
roughness of the silica film during the annealing process
sults in a strong intensity decrease~5–7! and a complete loss
~8! of the asymmetric LO Si-O stretching bands at;1155
and ;1218 cm21. In contrast to this, the IR band at 102
cm21 ~4! shows an intensity increase and a blue shift to 10
cm21 ~8! during the annealing process. The final flat pseu
morphic silica epilayer on the Mo~112! surface is character
ized in the asymmetric Si-O stretching region by this sin
narrow IR band at 1048 cm21 with a low FWHM value of
;40 cm21, emphasizing the high degree of the long-ran
order in the crystalline silica film. It is noteworthy that th
high temperature treatment also widely removes the sila
groups in the system SiO2 /Mo(112). This can be conclude
from the IRAS spectrum of the final silica layer~8! where
the IR bands at 987 cm21 ~right top panel! and 3748 cm21

~right bottom panel! are almost absent.
Furthermore, it is an important result that the spectrum~8!

of the final silica film proves the absence of a phonon ban
723 cm21. As this IR peak indicates the formation of molyb
denum oxides,42 this experimental finding gives strong ev
dence for the formation of a closed silica layer which pas
vates the Mo~112! surface against oxidation during th
annealing procedure. This supports the results of prev
studies where the continuous nature of the silica layer on
Mo~112! substrate has been proven by TDS and X
studies.11,12

B. Stoichiometry and valence bands

In previous publications, XPS studies have proven
stoichiometric nature of the silica epilayers on the Mo~112!
surface.11,12 In particular, the study confirmed the absence
silicon and molybdenum suboxides as well as molybden
silicides in the system SiO2 /Mo(112). A further important
result for the construction of the structure models of
silica epilayer on the Mo~112! surface in Sec. IV is the de
tection of an oxygen species of the type Si-O-Mo in the X
O1s spectra which, located at the interface, was propose
connect the silica film lattice to the Mo~112! substrate sur-
face. These data are now supplemented by AES and
studies which provide detailed insights in the valence b
structure.

Figure 6 shows in the left panel the results of the Aug
electron spectroscopy study. The upper spectrum of the c
Mo~112! surface~0! exhibits a multiple peak structure whic
is due to differentMNN, MNV, and MVV transitions.43

Here, the only peak of interest is the most intenseM4,5NV
transition at 187 eV. The attenuation of this peak after
deposition of the silica film@spectrum~8!# was used to de-
termine the silica film thickness. A value of 762 Å was
derived which was also confirmed by an ARXP
measurement.14 The Auger spectrum of freshly deposited
~0.5! is marked by the SiL2,3VV Auger transition of elemen
tal Si at 92 eV.44 A simultaneously detected small peak at
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eV is close to the value of the SiL2,3VV transition for SiO
~84 eV! and marks the initial change in the silicon valen
band due to oxidation.45 This unavoidable partial oxidation
of the freshly deposited Si on the clean Mo~112! surface at
room temperature can probably be attributed to the w
known silicon low temperature reactivity in the vicinity o
metal interfaces.46 The last AE spectrum~8! is collected from
the final silica film on the Mo~112! surface. In line with
reference spectra taken from bulk 4:2 coordinated si
samples, the SiL2,3VV line shape of the silica epilayer i
now split into a satellite feature at 64 eV and a main peak
78 eV.44,45 Following the results of band structure calcul
tions, this double peak structure of the SiL2,3VV Auger tran-
sition in SiO2 reflects the participation of Si valence states
two of the three valence band regions which are characte
tic for the valence band of 4:2 coordinated silic
polymorphs.47,48 The satellite peak at 64 eV involves S
states weakly intermixing with the high binding energ
semicorelike O2s valence band regionV1 and is termed the
Si L2,3V1V2 line. The main peak at 78 eV results from th
strong participation of Si valence orbitals in the low bindin
energy, strongly bonding O2p-Si3s,3p valence band regionV2
and is named the SiL2,3V2V2 line. As the lowest binding
energy valence band regionV3 in SiO2 is an essentially non-
bonding O2p band, no Si states are involved and it rema
thus undetected in the AES data.

Given the high photosensitivity of O2p states with respec
to the excitation by He I light,49 He I UP spectra supplemen
the AES valence band data to study in particular the n
bonding O2p silica valence band regionV3 of the silica layer
on the Mo~112! surface~right panel in Fig. 6!. The UP spec-
trum of the clean Mo~112! surface~0! is shown for compari-
son and is in line with the results of a recent angle-resol
photoelectron spectroscopy~ARPES! and inverse photoelec
tron spectroscopy~IPES! study in which the origin of the
different peaks in the spectrum is discussed in detail.50,51The
freshly deposited silica film changes the UP spectrum of
Mo~112! surface substantially. On the basis of He I UP stu
ies of 4:2 coordinated silica modifications reported in t

FIG. 6. Left panel: Differentiated AE spectra of the clea
Mo~112! surface~0!, clean Si on Mo~112! ~0.5!, and the silica film
on the Mo~112! substrate~8!. Right panel: He I UPS valence band
study of the clean Mo~112! surface~0!, the freshly deposited silica
film ~4! and the final silica epilayer on the Mo~112! surface~8!. The
gray panelsV1 , V2 , and V3 depict the contributions of the thre
well-known silica valence band regions to the spectra~see text!.
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literature,52 the high binding energy valence band regi
from 210 to 212.5 eV can be attributed to the strong
bonding O2p-Si3s,3p valence band regionV2 and the broad
unstructured valence band region from24.3 to 29 eV cor-
responds in width and structure to the nonbonding O2p de-
rived valence band regionV3 . It is interesting to note that al
He I UP spectra of amorphous silica samples show suc
broad unstructured nonbonding valence band regionV3 ,53,54

and it is only in the case of crystallinea-quartz samples tha
a two peak fine structure has been detected.52,55 This two
peak fine structure in the nonbonding O2p valence band re-
gion V3 is detected with unprecedented resolution in the
I UP valence band spectrum of the silica layer on
Mo~112! after application of the annealing procedure@spec-
trum ~8!#. In addition, a third peak structure of unknow
origin is found in the regionV3 and forms a small shoulder a
25.2 eV binding energy close to the upper silica valen
band edge@arrow in spectrum~8!#. Clearly, this high resolu-
tion in the He I UP spectrum~8! can be attributed to the
advantageous situation of studying an ultrathin well-orde
silica layer on a conducting metal substrate so that inho
geneous broadening effects~sample charging, structural dis
order, etc.! are minimized.

IV. DISCUSSION

The results of the presented surface science studies
used in the following to set up growth and structure mod
of the silica epilayer on the Mo~112! surface.

A. The growth model of the silica layer

Figure 7 summarizes the most important surface p
cesses which play a key role in the growth of well-order
silica films on the Mo~112! surface. During the silica film
deposition two different preparation states can be dis
guished~upper panel in Fig. 7!. The first stateof the silica
film growth is marked by the deposition of silica on th
Mo~112! surface@panels~1! and ~2!#. The LEED and SPA-
LEED studies detect a high tendency for the formation of
initially well-ordered silica layer which wets the substra
surface. Furthermore, the SPA-LEED clearly shows that
thin silica overlayer is split into a grid of misfit dislocation
lines which run along both substrate directions~dashed lines
in Fig. 7!. As pointed out above, IRAS and XPS studi
indicate that the properties of this initial silica layer diff
from bulk silica samples. In addition, a previously report
TDS study has shown that the initial silica layer is not thi
enough to completely suppress the interaction of
Mo~112! substrate with simple gases such as deuter
(D2).11 Aiming at the use the system SiO2 /Mo(112) as
silica model oxide support in future catalyst studies, a thic
silica film must be grown. During thesecond stateof the
silica film growth, silica is mainly deposited on the initiall
formed silica layer@panel ~3! and ~4!#. Here, it has been
shown in the previous discussion that LEED, SPA-LEE
and IRAS studies detect a roughening of the silica layer.
these rough silica surfaces turn out not to be stable aga
the high-temperature treatment of the silica film anneal
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procedure, the surface roughening is attributed to a kin
cally limited growth region. The surface mobility of th
silica deposits on silica is simply too low under the fil
deposition conditions to allow the epilayer to reach its th
modynamic equilibrium morphology.

To drive the silica epilayer to its thermodynamic equili
rium, the silica film is annealed to activate different surfa
processes~bottom panel in Fig. 7!. As detected by XPS, the
annealing procedure is accompanied by a minor loss of s
due to a partial reevaporation@process~a!#. However, more
effective are the surface processes~b! and ~c! during the
annealing steps@panels~7! and~8!# which are revealed in the
SPA-LEED and in particular in the STM studies. The tran
formation of the initially rough silica film into a silica epil
ayer structure with a flat surface reflects the spreading of
silica conglomerates over the silica surface@process~b!#.
This spreading mechanism increases also the Si LVV au
electron signal, as detected by plotting theauger electron
signal versus annealingtime ~AS-t plot! in a quantitative
AES study of the silica film growth.14 Furthermore, the for-
mation of a step structure in form of stripes during the a
nealing process by a decoration of the@ 1̄1̄1# dislocation
lines @process~c!# is found as an intermediate case. As bo
these processes~b! and~c! involve a directed material trans
port, it is not surprising that these mechanisms do not
come important before annealing temperatures above 115
are applied. This is true because it is known that the visc
flow of the silica network starts in this temperatu
regime.56,57 Certainly, the surface process~b! is of particular
importance for the preparation of flat silica surfaces with

FIG. 7. Overview of the growth process of well-ordered sili
epilayers on the Mo~112! surface during the silica film depositio
~1–4! ~upper panel! and during the silica film annealing procedu
~5–8! ~bottom panel! ~see text!.
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homogeneous thickness because it results in the comple
of early silica monolayers at the cost of higher film leve
These results suggest that a Frank–van der Merwe gro
mode is thermodynamically favored in the studied thickn
range of the silica epilayer.

B. The structure models of the silica layer

The silica epilayer structure models on the Mo~112! sur-
face have been constructed with the help of a concept
heteroepitaxial systems first introduced by Bollmannet al.58

Following this approach, low-index silica surfaces are
tached to the Mo~112! substrate surface with such an az
muthal orientation that, if necessary at all, only a small l
tice distortion is required to produce the maximum num
of lattice coincidence points between the film and subst
lattice. Certainly, these silica epilayer structure models m
be in line with the experimental results of the above d
cussed surface science studies. Therefore, only low-in
silica surfaces of 4:2coordinated silica polymorphs~AES/
UPS valence band study! have been considered which can
attached via oxygen atoms~XPS study! to the Mo~112! sur-
face and yield the observedsurface unit cell spacing~LEED/
STM study!.

The Bollmann approach results in two independent si
epilayer structure models, namely, the HP-tridymiteb-
cristobalite @panel ~A! in Fig. 8# and the low/high quartz
model @panel~B! in Fig. 8#. As explained in the following,
these models are derived by considering hexagonal silica
face orientations of these silica polymorphs which requ
only a small lattice distortion in the attachment process to
Mo~112! surface to yield thec(232) silica epilayer struc-
ture.

The bulk-determined hexagonal silica surface lattices
the silica polymorphsare depicted in the graphs~A1! and
~B1! of Fig. 8. Each graph contains four silica unit cells a
one unit cell is indicated by dashed lines. Silicon atoms~big
spheres! are sketched in the centers of the silica tetrahe
~triangular faces! which are interconnected via oxygen ed
atoms ~small spheres and asterisks!. This reproduces the
well-known network of corner sharing tetrahedra of the 4
coordinated silica polymorphs.59 In case of the HP-tridymite
b-cristobalite model~A!, the bulk lattices of HP-tridymite
and b-cristobalite are polytypic, i.e., these two silica pol
morphs result when the hexagonal fundamental module w
a unit cell length ofb55.05 Å @depicted in panel~A1!# is
stacked with a sequenceAB along the@0001# direction~HP-
tridymite! or a sequenceABC along the@111# direction ~b-
cristobalite!. In the case of the low/high quartz model~B!,
the two quartz modifications are related by a displac
phase transition which involves a small, but simultaneous
of all silica tetrahedra.59 Rather small changes in the atom
positions result so that the present discussion is limited to
hexagonal~0001! basal plane of low quartz with a unit ce
length of b54.91 Å @sketched in panel~B1!#, but can be
equally applied to the~0001! basal plane of high quartz.14

The c(232) oxygen interface models of the silica ep
ayer structure modelsare sketched in the bottom graphs~A2!
and ~B2! of Fig. 8. The attachment of the oxygen atoms
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the above discussed silica surfaces in the potential adsorp
sites on the trough~big white spheres! and row ~big white
gray spheres! Mo~112! structure introduces a small silica la
tice distortion which reduces the hexagonal symmetry of
silica surfaces towards ac(232) surface unit mesh.

In case of the HP-tridymite/b-cristobalite model~A!,
silica tetrahedra are attached with their triangular faces to
Mo~112! surface. This is done by locating the oxygen ato
in the two sets of quasithreefold adsorption sites offered
the Mo~112! surface and denotedA ~two row and one trough
Mo atom! andB ~one row and two trough atom! in Fig. 8. As
the results of the effective medium theory suggest a hig
tendency for oxygen adsorption to take place in theA sites,
two of the three oxygen atoms of each silica tetrahedron f
are attached to these sites.60 These oxygen atoms are de

FIG. 8. The HP-tridymite/b-cristobalite ~A! and the low/high
quartz~B! silica epilayer structure models on the Mo~112! surface.
The top panels~A1! and~B1! show thebulk-determined hexagona
silica surfacesof the respective silica polymorphs which are a
tached via oxygen atoms to the substrate. The resultingoxygen in-
terface structure modelsof the silica epilayer on the Mo~112! sub-
strate are shown in the corresponding bottom panels~A2! and~B2!.
The coordinate system a~b! indicates the substrate~film! unit mesh.

A line defect with @ 1̄10# orientation is sketched in the oxygen in
terface structure model~A2! ~see text!.
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picted in form of small filled circles in Fig. 8. This results
rows of oxygen atoms along the@ 1̄1̄1# direction. The re-
maining third oxygen atom of each triangular silica tetrah
dron face is adsorbed in a quasithreefoldB site ~asterisks in
Fig. 8!. With this procedure, an oxygen-oxygen spacing
the Mo~112! surface of 2.73 Å results which is only 4%
larger than the corresponding oxygen-oxygen distance
2.61 Å in the bulk silica polymorphs. After attaching in th
way the interfacing plane of oxygen atoms to the Mo~112!
surface, the bulk silica polymorphs structures can star
grow. Thus, it seems possible that a slight distortion of
fundamental stacking module enables the growth of w
ordered HP-tridymite layers with a~0001! orientation
@(112)Moi(0001)HP-tridymite# or b-cristobalite films with a
~111! orientation@(112)Moi(111)b-cristobalite# on the Mo~112!
substrate surface. In both cases, the HP-tridymiteb-
cristobalite structure model produces ac(232) film unit
mesh where the unit cell vectors span an angle of 63°
have a length of 5.22 Å~film coordinate systembW in Fig. 8!.
These values correspond within 5% to the bulk unit cell
mensions of the hexagonal stacking module in HP-tridym
andb-cristobalite.

In the case of the low/high quartz model~B!, silica tetra-
hedra are attached with their edges to the Mo~112! substrate
surface. In the interface structure model~B2! in Fig. 8, it is
seen that oxygen atoms marked by asterisks occupy
sithreefold hollowB sites and oxygen atoms depicted
small open circles are situated in twofold bridging positio
C on the Mo~112! surface. Zigzag chains of oxygen atom
are formed in the troughs of the Mo~112! surface which run
in the@ 1̄1̄1# direction. The oxygen-oxygen distance betwe
B andC sites on the Mo~112! surface is 2.73 Å so that it fits
again within 4% to the bulk value of 2.61 Å in low quart
After setting up the oxygen interface plane on the Mo~112!
surface, the low quartz structure can start to grow with
@0001# orientation@(112)Moi(0001)low-quartz#. It is seen that
the pseudomorphic growth of low quartz on the Mo~112!
surface produces the observedc(232) surface unit mesh
with the film unit cell vectors spanning an angle of 63° a
having a length of 5.22 Å~film coordinate systembW in Fig.
8!. The influence of the substrate results in an extension
the unit cell dimensions (b54.9124 Å) of the bulk hexago
nal ~0001! low quartz surface structure by about 6%. No
that the attachment of the bulk hexagonal~0001! high quartz
structure (b54.9977 Å) to the Mo~112! surface in a very
similar way requires an extension of the unit cell dimensio
of just about 4%.

An interesting point concerns the construction of dom
wall models for the line defects observed in the silica ep
ayer. Antiphase domain boundaries along the@ 1̄10# and

@ 1̄1̄1# direction result when two neighboring crystallin
silica domains are displaced with respect to each other b
displacement vectorDW 5aW 1 andaW 2 , respectively. As outlined
elsewhere,14 a stacking faultDW 5aW 2 is not compatible with
the discussed silica lattices so that a distorted domain
morphology~broken bonds, disordered material, etc.! results
16542
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for line defects with@ 1̄1̄1# orientation. In contrast to this
misfit dislocation lines along the@ 1̄10# direction are compat-
ible with the silica structures because a stacking faultDW
5aW 1 between two neighboring domains yields only a m
imial distortion of the lattices along the boundary. This sit
ation is shown for the HP-tridymite/b-cristobalite model~A!

in the panel~A2!. The line defect with @ 1̄10# orientation is
marked by a dashed horizontal line labeled~LD! and sepa-
rates two silica domains which are displaced with respec
each other byDW 5aW 1 . This displacement results from a co
responding stacking fault of the oxygen atoms inB sites
~asterisks!, but no interruption of the rows of oxygen atom
in A sites~small filled circles! results. In case of the low/high
quartz model~B!, line defects of this kind are well known a
the Brazil boundaries along which the two enantiomorphs
low/high quartz crystals are twined.14

In conclusion, the here proposed silica epilayer struct
models derive a qualitative understanding of the unit c
dimensions and the line defect structure of the silica layer
the Mo~112! surface. Any attempt to judge which of the pro
posed structure models is more suitable to account for
characteristics of the system SiO2 /Mo(112) requires new
insights, either from experimental studies or theoretical c
culations.

V. CONCLUSION AND OUTLOOK

Ultrathin well-ordered silica epilayers grown on
Mo~112! substrate mimic perfectly the electronic properti
of bulk silica samples. Since their morphological propert
~reproducible defect structure, low surface roughness! can be
sufficiently controlled, the heteroepitaxial syste
SiO2 /Mo(112) can be used as a silica model oxide supp
in the field of model catalyst surface science studies. Th
studies aim to derive an atomic scale description of the
portant processes involved in the catalytic reactions. T
important preconditions are necessary to achieve this g
First, the silica epilayer must cover the whole Mo~112! metal
surface in order to exclude any influence of the Mo substr
on the chemistry of the catalytic reaction. The presen
multitechnique surface science study sets up a growth m
of the silica epilayer in which its continuous nature on t
Mo~112! surface is confirmed by several methods. Secon
the crystallographic structure of the silica layer must
solved. The surface science studies yield several piece
crystallographic information which are successfully co
bined in first structure models. A surface x-raydiffrac-
tion ~SXD! experiment at theEuropeansynchrotronradia-
tion facility ~ESRF! is currently under way to tackle th
structure problem in detail.
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