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Abstract: For the last 15 years, we have been studying the
preparation and characterization of ordered silica films on
metal supports. We review the efforts so far, and then dis-

into account. We are in a position, to veriff, for the first
time, a model of the vitreous silica structure proposed by
William Zachariasen in 1932. Beyond this, the possibility to

cuss the specific case of a silica bilayer, which exists in a crystalline and a vitreous variety, and puts us into a position to
investigate, for the first time, the real space structure (AFM/
STM) of a two-dimensional glass and its properties. We show
that pair correlation functions determined from the images
of this two-dimensional glass are similar to those determined by X-ray and neutron scattering from three-dimensional glasses, if the appropriate sensitivity factors are taken

prepare the crystalline and the glassy structure on the same
support allows us to study the crystal-glass phase transition
in real space. We, finally, discuss possibilities to use silica
films to start investigating related systems such as zeolites
and clay films. We also mention hydroxylation of the silica
films in order to adsorb metal atoms modeling heterogenized homogeneous catalysts,

lntroduction
Silica films form spontaneously, when one exposes a clean, silicon, single-crystal surface to a¡r. Th¡s oxide film plays a very im-

portant role in the functionality of silicon-based electronic devices and other impoftant topics.tl¡

The problem is that those oxide films are amorphous. They
contain defects, limiting the insulating propert¡es of the oxide
films. We have, therefore, and for other reasons connected to
the usability of silica as a very important support for dispersed
metal catalysts,tl"l attempted to prepare well-ordered silica
films. ln 1998 we started to look into the ways how to prepare
ordered silica films,t2l and only in 2005 did we report the successful preparation and character¡zation of an ordered film on
Mo(l12) (see Figure 1).t31
The proposed structure was heavily debated,tsì but finally

was independently corroborated.t6l Already in'1999,

Klaus

Heinz and his group published papersta in which an ordered
silica film was prepared and structurally characterized on a SiC
surface. This layer was, as was our Mo(ll2)-supported film,
a monolayer of corner sharing SiOo tetrahedra forming a hexagonal pattern, in which one oxygen atom is bound to the metal
fal
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Figure l. Schemat¡c structures (top and side views) of a) the monolayer
silica fìlm on Mo(l12)truland b) the silica bilayer on Ru(0001).rarThe unit cells
are indicated.

substrate. The drawback in this case was that the stoichiomeSiOr.r, since not all four corners
shared another SiOo tetrahedron. This problem was finally
overcome when we found a way to prepare a bilayer film on
Ru(0001).tal This bilayer film consists of two corner-sharing hexagonal SiOo networks, connected by the Si-O bond as shown
in Figure 1 b. This renders the fìlm stoichiometry as SiOr, and
produces a completely saturated silica film, which is only
bound to the metal substrate by dispersive forces and not by
an Si-O metal bond as in the case of a monolayer. As is evident from Figure'1, the mono- and bilayers film look identical
from the top, and are thus not easy to differentiate by STM.
However, vibrational spectroscopy, in strong conjunction with
theory was essential to clearly differentiate between the two
structures.t3'48lThis is documented in Figure 2.
Figure 2 shows both the experimental infrared reflection absorpt¡on (lRA) spectra as well as the calculated frequencies and
intensities. Based on the calculations, the strongest feature ¡n
the monolayer (1061 cm-') is due to the Si-O-metal vibration
and this band was shifted to higher frequency, when the silicon-oxygen-metal bond was replaced by a silicon-oxygen-silicon bond in the silica bilayer (1296cm-'). While on the
Mo(l12) substrate we were only able to form a monolayer film,

try was not SiOr, but rather

SiO,,/Mo(112)

functional theory with periodic boundary conditions on slab
models.tral The Burke-Perdew-Ernzerhof,tsl functional augment-
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dispersion term (Grimme-D2)t'61

was employed. A typical slab model for the Ru(0001) surface
would consist of an orthorhombic2x2 supercell (5.40x9.35 A)
and five layers of Ru atoms. The atoms of the two bottom
layers have been fixed at their optimum bulk positions. The
stability of different Si,On surface models was compared using
Gibbs free energies of formation per surface area. References
to the details may be found in references 13a,4'8,171.
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Figure 3 shows an atomically resolved image of the bilayer film
on Ru(0001) taken with the custom built NC-AFM/STM set up
alluded to in the previous section.tr7"l

SiO,/Ru(0001)
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Figure 2. Experimental IRA spectra of the silica layers on Mo(I12) and
nu(ooOt) in comparison with calculated frequencies and lntensities.t344l

on Ru(0001) it was possible to prepare both mono- and bilayer
films. On Pt(111),(el and as recently reported, on Pd(l00),t'0¡ bilayer films could also be prepared. This suggests that the
oxygen affinity of the metal, used as support, plays an important role in determining which structures are allowed. ln fact,
as pointed out recently,te'rrl the heat of oxide formation determined for the various metals directly correlates with the observed trends. Furthermore, there is an additional interesting
factor that is important in conjunction with the film formation,
which brings us now directly to the specific topic of this
paper: depending on preparation conditions, the bilayer fìlm
exists in a crystalline and a vitreous or glassy phase on
Ru(0001),t81 while on Pt(1 11)tel only the vitreous phase persists.
On the other hand, Pd('l00)tto¡ has been shown to support
a crystall¡ne phase. lt is likely, that the formation of the crystalline phase is influenced by its epitaxial relationship to the
metal substrate; this would not be the case for the vitreous
phase. The silica system on Ru(0001) provides us, as such, with
the un¡que opportunity to study the structure of a vitreous
silica phase, as well as the transition between a vitreous and
a crystalline phase in real space.tlt't'¡

Experimental and Theoretical Details
The experiments discussed here have been pedormed in several custom-built ultrah¡gh vacuum systems equipped with noncontact AFM/STM, lR spectroscopy, low-energy electron diffrac-

and thermal desorption capabilities within the
Fritz Haber lnst¡tute. Details of the experimental setups have
been published before, and may be looked up in refer-

t¡on

(LEED),

ence [13].

Theoretical work has been carried out in the Chemistry Department of the Humboldt-Universität zu Berlin using density

A closer look at the observed contrast indicates that the
oxygen atoms of the bilayer fìlm are imaged: the tr¡angular
feature in the lower left corner of Figure 3 exhibits distances
compatible w¡th a model proposed more than eighty years
ago by William Zachariasen,tr8l who suggested that, based on
the X-ray patterns observed and the typical chemistry of silicon
and oxygen, an amorphous phase of silica should consist of
SiO4 tetrahedra, as does quartz, the typical ordered phase of
silica. ln amorphous silica, howeveç corner-shared tetrahedral
are bound to each other at random angles, allowing for different r¡ng sizes-not only hexagons as in the crystalline formto occur. Zachariasen depicted this idea within a two-d¡mensional representation, which is shown in Figure 3b. The experimental image verifies this model almost one to one. Even
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Flgure 3. a) Atomic resolution NC-AFM lmage (condltions and image size are
given) of a v¡treous silica bilayer on Ru(000,l)ttt"ì in comparlson wlth b) the
orlginal two-dimensional representation put forward by Wllliam Zachariasen.tlsl

though there have been several attempts to use AFM to image
the surface of a cleaved bulk oxidic glasstrsl (as opposed to
rñetal glasses, for which STM has been used w¡th all the problems connected with the fact that STM images the electronic
rather than the atomic structuret2ol), it has not been possible,
before the introduct¡on of the bilayer, to obtain atomic resolution. The reason is the roughness of a cleaved surface of
a bulk glass sample. ln the present case the bilayer is atomically smooth, so that NC-AFM (NC:non conctact) can be applied
at its best. This puts us in a position to analyze this structure
in some detail and we will attempt to compare the outcome
with information from bulk glass samples. We note, that, after
our group had published the bilayer glass structure, a second
group has detected a s¡milar silica structure on a graphene
substrate using transmiss¡on electron microscopy.l2r¡ Although
they referenced our fìndings in their publication, which was
submitted after our results had already been published, they
st¡ll went on to place their results in the Guinness Book of Re(http://www.foxnews.com/science/2013109/13/world-

cords

thinnest-glass-shatters-records-accident/?intcmp :features) as
the first observation of the thinnest glass ever studied. ln their
publicationt2rl they provided an analysis very similar to ours,
which we will discuss further below.
Let us use the special properties of our experimental set up

to look at the vitreous surface, both with

csi

atoms. Details of the measurement may be found in reference [22].

which represent the internal distances within the tetrahedra.
Figure 5 shows them as bars in the images of a crystalline and
a vitreous

area.tll'17à'221

The distributions are also plotted, and the position of the
maxima is compared with values derived from X-ray (XRD) and
neutron (ND) diffraction as well as ab initio calculations. The
crystalline

v¡treous

o

f

o

STM and AFM.

gTM, 3.5 r 3.5 nm¡, % = i00 mV

it

is evident that we are
looking at exactly the same region in space. The contrast
varies between AFM and STM, and the markers, introduced
into the images, indicate the positions of silicon (Figure 4a)
and oxygen atoms (Figure 4b). Under the g¡ven experimental
conditions, the AFM produces a Si contrast, while the STM produces an O contrast. This allows us to verifo the Zachariasen
modeltrsl directly. By changing the various conditions for recording the images (compare for example, Figures 3 and 4a),
we were able to show 5i and O contrast, both in the crystalline
and in the vitreous phase. Let us now look at the propefties of
the network leading to the v¡treous phase, in comparison to
the crystalline phase, in more statistical detail. First, we determine, from the images the nearest oxygen-oxygen distances,

oO

osl

Flgure 4. Two images representing a single atomically resolved constant
height measurement.(a) AFM image; b) STM image. lmaging parameters for
a): oscillatlon amplitude:0.27 nm, gray scale fiom -1.0 Hz (dark) to
+0.6 Hz (brlght); for b): V5:100 mV gray scale from 50 pA (dark) to 500 pA
(bright); for both a) and b): scan area:2.7x3.9 nm. ln panel a) the structure
of the 5i atoms is visible, whereas panel b) reveals the arrangement of the O

Figure 4 shows, both, an STM and an AFM image taken 5imultaneously of the same area of a vitreous sample.t22l

From the ring distribution imaged
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Flgure 5. Statlstlcal evaluation of experimentally determined O-O distances
in a crystalline and vitreous bilayer of SiO, on Ru(oool).l"rThe determined
distrlbutlons are simllar ln both cases and agree well ln their maximum with
values determined from X-ray (XRD) and neutron (ND) diffraction as well as
the expectatlon from ab initio calculations (respective values indicated
above histograms).t231

distributions are very similar in both phases, and so is the comparison to the reference data.l23l lf we now record the Si-Si distances, which are influenced by considerable angle variations
across the oxygen linkage as shown in Figure 6, it is evident
that there is a clear difference between the crystalline and the
vitreous phase, leading to a considerably broader distribution
in case of the vitreous system.
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Flgure 6. Statistical evaluation of experimentally determined 5i-Si distances
in a crystalline and v¡treous bilayer.n2l The determined distributions are considerably different in w¡dth as expected from the strong variations in angles,
but agree well in their maximum w¡th values determined from X-ray (XRD)
and neutron (ND) d¡ffraction as well as the expectation from ab initio calculations (respective values indicated above histograms).t23)

Such analyses may be performed over larger sample areas,

so that one may take the Fourier transform of the spatial
images, which then leads to the so called pair distribution
functions. Pair distribution functions measure the number of
atoms w¡thin a certain distance from a reference atom. These
functions, of course, increase in value for increasing distances,
and systems w¡th nearest-neighbor order, but long-distance
disorder, will show oscillations. On the basis of the real space
images, we are able to determine element specifìc pair distribution functions, allowing us to mult¡ply them with appropriate sensitivity factors for X-ray and neutron diffraction, sum
them up into a total pair distribution function, and compare
them with corresponding X-ray and neutron diffraction data
from glass bulk samples.trl'r7al Th¡s is done in Figure 7. We
show the element specific distributions together with the sensitivity corrected calculated pair distribution functions for X-ray
and neutron diffraction, as determined from our two-dimensional bilayer in comparison with pair correlation functions determined by X-ray and neutron diffraction, respectively, from
bulk glass samples. The overall comparison is quite fair: the

Figure 7. Pair coilelation function. a) The pair distance h¡stograms for Si-O
(blue), O O ked), and Si-Si (green). b) Comparison of the total pair correlation function, Isru(¡) (orange curve), w¡th the PCF obtained from X+ay diffraction measurements on v¡treous silica (black curve).t2{l c) Comparison of
IsrM û) (orange curve) w¡th results from neutron scatter¡ng on vitreous silica
(black curve).l2sl

number and the position of peaks are well reproduced, and
also the increasing width of peaks with increasing distance is
found in all data sets. The relative maximum intensities of the
features are less well reproduced, in particular for the second
peak in the X-ray diffraction data sets.
Certa¡nly, the obserued differences are connected to the
fact, that in bulk glass samples one investigates three-dimensional distributions of corner sharing tetrahedra, while in the
present case, the symmetry of the bilayer perpendicular to the
surface plane, restricts the distribution. We had noticed this already in the first publication.trT"¡ However, the overall comparison of the data sets allows us to claim that the bilayer film has
the intrinsic properties of a vitreous system. We are looking at
a two-dimensional glass, indeed! Being able to provide realspace images allows us now to invest¡gate ring statistics, that
is, the question of how frequently certain ring sizes do occur
in the glass. Figure 8a shows a large-scale image of a vitreous
area, and the ring sizes in color code are shown in FigureSb.
The interesting observation is that the distribution ¡s not sym-

metric (Figure 8c). While the maximum of the distribution is
represented by six-membered rings, there are always more
five- than seven-membered, and always less four- than eightmembered rings. As already pointed out by Shackelford and
Brown,r'61 the ring d¡stribution is expected to follow a lognormal distribution, which may be tested by plotting the data
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Figure 9. LEED patterns (at 60 eV; top) and STM images (bottom) of the bilayer sllica films prepared by slow (on the left) and fast (on the right) cooling
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Flgure 8. Evaluation of the ring size distrlbutlon ln a vitreous bilayer of silica
a) STM image, b) schematic model based on oxygen and sillcon
atoms, and c) rlng size distr¡bution as a bar diagram (left panel) and as
a test for a log-normal dlstrlbutlon (right panel).

on Ru(0001).

accordingly (FigureSc). lf one plots the percentage of rings
larger than a certain r¡ng size as a function of the logarithm of
the ring size, one expects a linear graph. The fact that the bilayer shows exactly the expected behavior is another indicat¡on that we are dealing with a vitreous system.
We may now turn to the area of crystalline to glass transitions.ts'2l This is a very challenging area, but the system discussed here opens up opportunities to tackle this problem
both in reciprocal and in real space. Figure 9 shows two STM
images of a crystalline and a vitreous area, and the corresponding low-energy electron diffraction (LEED) patterns.tt¡ The
characteristic Laue diffraction spots indicate the presence of
a crystall¡ne phase, and the diffuse r¡ng pattern, which is much
more intense in the pattern taken from a mainly vitreous area,
is characteristic of an amorphous structure. Since the crystalline and the vitreous areas co-exist on the su¡face of the
Ru(0001) metal single crystal, both domains occur at exactly
the same temperature. By changing the temperature and monitoring the intensities of the features character¡stic for the crystalline and the vitreous domains, we should, in particular if we
use a low-energy electron microscope (LEEM), be able to
record the changes as a function of temperature, and relate

those to the propert¡es of the phase transition. lnvestigations
in this direction are under way.t28l
Performing similar measurements in real space is considerably more challenging, but will also be undertaken in future. A
brief look at the properties determining the interface between
a crystalline and a vitreous domain, however, has already been
taken. Figure l0a shows a scanning probe image of an interfacial area.t27l lf one replaces this image by the corresponding
model based on the measured Si and O positions one is led to
Figure l0b. This plot may now be partitioned into slices, which
are indicated below the plot and one may count the number
of rings of a certa¡n size within the segment (Figure 10c).

lf we plot the number of six-membered rings divided by the
total number of rings of any size in a slice, we obtain a crystallinity factor. This is 1.0 in the crystalline phase, because the sixfold ring is the only ring s¡ze occuning in this region, and
drops as one enters the vitreous phase. The crystallinity of
a large vitreous area of the bilayer fìlm was determined to 0.4
and this value is plotted as a reference in Figure 10d.
Figure 10d contains the plot of the crystallinity factor, which
indicates that the width of the interfacial region, before the vitreous average is reached, is of the order of 2-2.5 nm. With this
it is possible to also plot the occurrence of the various ring
sizes in the interfacial region. This is shown in Figure'lOc by
the color-coded number of rings per slice. The various ring
sizes do not occur at the same position in the interfacial

region. ln fact, certain ring sizes occur simultaneously, and
some combinations occur closer to the crystal domain than
others, as the interfacial region is entered from the crystalline
domain. Based on calculations of how much energy is necessary to change an arrangement of four six-membered rings into
two five- and two seven-membered rings versus two four- and

The one line of exper¡ments and theoretical studies described in this Minireview indicates that, even though, in the
first place the problem was examined in order to study model

in heterogeneous catalysis, by the ability to investigate those systems at the atomic scale, we may also learn
more about fundamental aspects in physical chemistry and
chemical physics. Certainly, the investigation of crystalline and
vitreous silica phases co-existing on a Ru(000'l) metal suÉace
will allow us to tackle one of the unsolved problems in physical chemistry that ¡s, the real-space observation of the crystalglass phase transition. This also poses challenges to theory. We
systems

have started to compare the results for the present system
w¡th other materials systems, such as two-dimensional Cu
oxides and even bubble rafts, in order to generalize on the
topological ¡nvestigations of amorphous systems.l33l
Based on the ability to prepare and characterize silica films
at an atom¡c level, we may start to contribute to a number of
further interesting areas, such as zeolites,t4 clays,trTbl and het-

l¡ttilllllll¡IililI

erogenized homogeneous catalysts.t3sl
It had been a dream, for example, for a long time to be able
to contribute to understanding zeolite chemistry using surface
science tools. This is evidently diffìcult, as zeolite chemistry
happens within the solid in micro- and meso-sized pores. However, by replacing some of the silicon atoms in the bilayer
silica films, we have been able to create an aluminosilica film
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that exh¡bits characteristic features of a zeolite. ln particular,
we are able to demonstrate the formation of very acidic OH
groups on the film. We are now well pos¡tioned to investigate
with NC-AFM how the doping of a silica film with alum¡num
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Flgure 1 0. Evaluatlon of the crystal-vitreous ¡nterface. a) STM image
(ys:2 V ,T: 100 pA, scan area: 12.3 x 7'0 nm), b) atomic model of the layer
based on a) as well as the position of 30 vertlcal, 0.41 nm wlde and 6.95 nm
high sllces. c) The number of rlngs per sllce for every ting slze plotted versus
lateral coordinate. d) crystallinlty of every sllce plotted versus lateral coordinate.ETl

two eight-membered

rings,trT"l

¡t turns out that the

former

costs less energy than the latter. This is consistent with the
general knowledge that the Stone-Wales defect (a comb¡nation of a f¡ve- and a seven-membered rings) is the lowest
energy defect in a hexagonal network.t2el Similar conclusions
have also been reached for graphene.t3ol Recently, a group has
studied the formation of such defects in the transmission electron microscope and observed the transformation under the
electron beam directly.tttl One of us has summarized the
knowledge in this area within a perspective, published concomitantly to those

results,t321

Summary and Outlook
Thin oxide film systems are well suited for studying a number
of phenomena and problems in physical chemistry joining efforts in experimental and theoretical research.

atoms in specifìc positions influences the formation of particular ring sizes and ring assemblies. We may look at such flat
zeolite films as representing systems with an inf¡n¡te cav¡ty.t34l

We have recently shown through a combination of theory
and experiment that one may also prepare clay structures in

thin films, that is, iron-silicate structures.tttbl The structure identified consists of an iron-oxide layer bound on one side to
a silica layer and on the other side to a Ru(0001) conserving
the bilayer structure. This structure is similar to the structure of
the clay mineral nontronite, which opens another new area of
oxide fìlm research.
By depositing metal atoms by physical vapor deposition and
further engineering of their ligand sphere, we should be able
to create systems exhibiting character¡st¡cs of silica-bound
complexes. A series of studies on monolayer films has already
been conducted.t35'361 However, the bilayer offers the advantage that the surface is less strongly influenced by the presence
of the metal underneath due to the weak bonding. One important step towards this is the ability to specifically hydroxylate
the silica fìlm.t37l We could then even use prefabricated complexes to bind them to those OH groups. Again, studies on the
monolayer films have started and are successful' Those results
need to be transferred to the bilayer system.
There is more to come, and we may even try to go to thicker, well-ordered silica films, and beyond.

Sc,'. 1996, ó, 15-50; b) G.
1996,54,11169'
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J. A. Boscoboinik, B. Yang, W. E. Kaden,

M. Heyde, S. K. Shaikhutdinov,
R. Wodarczyk, M. Sierka, J. Sauer,
H.-J. Freund*

Polishing up the crystal glasses: An
overview of the preparation and characterization of ordered silica films on
metal supports is reported. ln particular
the specific case of a silica bilayer,
which exists in a crystalline and a vitreous variety is discussed and a model of

the vitreous silica structure proposed by
William Zachariasen in 1932 is verified.
Beyond this, the possibility to prepare
the crystalline and the glassy structure
on the same support leads to the study
of the crystal-glass phase transition in
real space (see figure).

Il-tt
Ultrathin Silica Films: The Atomic
Structure of Two-Dimensional Crystals
and Glasses

Ultrathin Silica Films

Il

ff,, H.-J. Freund et al.
ln their Minireview on page
of
crystalline and vitreous
investigation
describe how the
silica phases co-existing on a Ru(0001) metal surface
allowed them to tackle one of the unsolved problems in
physical chemistry that is, the real-space observation of the
crystal-glass phase transition,

