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Abstract

In this review, thin films of SiO2 on Mo(1 1 2) and MgO(1 0 0) on Mo(1 0 0) have been

characterized using metastable impact electron and ultraviolet photoelectron spectroscopies

(metastable impact electron spectroscopy (MIES) and ultraviolet photoelectron spectroscopy).

The electronic and chemical properties of the thin films are identical to those of the corre-

sponding bulk oxides. For different prepared defective SiO2 surfaces, additional features are

observed in the band-gap region. These features arise from vacancies or excess oxygen and are

consistent with theoretical predictions of additional occupied states in the band-gap due to

point defects. Extended defect sites on SiO2 and MgO are identified using MIES by a nar-

rowing of the O(2p) features with a reduction in the density of extended defect sites. MIES of

adsorbed Xe (MAX) is also used to estimate the density of extended defect sites. Furthermore,

it is shown that CO is an appropriate probe molecule for estimating the defect density of MgO

surfaces. Upon Ag exposure, the change in the work function of a low defect MgO(1 0 0)

versus a high defect surface is markedly different. For a sputter-damaged MgO(1 0 0) surface,

an initial decrease of the work function was found, implying that small Ag clusters on this

surface are electron deficient. In contrast, for SiO2 no significant change of the work function

upon Ag exposure with increasing defect density was observed. On MgO(1 0 0), the presence of

defect sites markedly alter the electronic and chemical properties of supported Ag clusters.

Such a strong influence of defect sites was not found for Ag clusters on SiO2.
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1. Introduction

A molecular-level understanding of surface phenomena in metal oxides is im-
portant to a variety of technologies including electronic devices, heterogeneous ca-

talysis, electrochemistry, and geochemistry. Although wide band-gap oxides, such as

MgO, SiO2 and Al2O3, are of particular importance, studies of these materials uti-

lizing surface sensitive charged particle probes are complicated, because of sample

charging. It has been shown that oxide thin films, supported on refractory metal

surfaces, provide a convenient method for circumventing difficulties related to

charging [1]. Using a suitable substrate, epitaxially grown oxide thin films of MgO,

Al2O3, and TiO2 have been synthesized that exhibit essentially the same electronic
and chemical properties of the corresponding bulk single crystals [1–4]. In recent

studies, SiO2 single crystalline thin films have been synthesized on a Mo(1 1 2) sur-

face [5,6].

The identification and characterization of defect sites on oxide surfaces is im-

portant in the manufacture of electronic devices, where defects can cause significant

degradation [7]. Moreover, defects on oxide surfaces play a pivotal role in hetero-

geneous catalysts as nucleation sites for metal nanoclusters and as sites for reaction.

Metastable impact electron spectroscopy (MIES) is an extremely surface sensitive
technique that uses exited helium atoms with thermal energy as a surface probe [8].

MIES provides such superior surface sensitivity that quite small concentration of

defect sites on the surface can also be detected. It is noteworthy that ultraviolet

photoelectron spectroscopy (UPS) is much less sensitive than MIES with respect to

F/Fþ-centers and extended defects [9]. On the other hand, the unique surface sen-

sitivity of MIES is restricted to wide band-gap materials or metals with very low

work functions [8].

The existence of point defects gives rise to additional states within the band-gap
that can be readily identified with optical absorption measurements [10], electron

energy loss spectroscopy (EELS) [11,12] and UPS. MIES, however, has been shown

to be particularly suitable, especially if the defect density is very low. The identifi-

cation of extended defects, such as steps and grain boundaries, is more complex,

since no distinct additional features derived from extended defects are generally

observed. However, a broadening of the O(2p) band has been suggested by theo-

retical studies [13].

A possible route to identify extended defects is the use of probe molecules that
uniquely interact with defect sites. Finding appropriate probe molecules to titrate

extended defects is therefore a key to understanding the properties of defects on

oxide surfaces. Appropriate probe molecules used in conjunction with MIES provide

insight into the nature of the defect sites. On MgO(1 0 0), for instance, CO molecules

adsorbs selectively on defect sites [1,3,14,15]. CO adsorption experiments on

MgO(1 0 0) allow the titration of defect sites and thus provide a method for distin-

guishing between high and low defective MgO(1 0 0) thin films. Moreover, MIES of

adsorbed Xe (MAX) [16] can be used to titrate extended defects. In MAX, the
substrate signals are completely quenched and only the Xe-peaks appear, due to the

extremely high surface sensitivity of MIES. Therefore, MAX provides very accurate
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information regarding the binding energies, energy positions, and width of the Xe 5p

states. Using MAX, the local work function can be estimated very accurate, even for

surfaces for which the application of photoemission of adsorbed Xe (PAX) is diffi-
cult, due to the superposition of Xe-peaks and substrate features [16]. Furthermore,

metal clusters can be used as a probe for defect sites, since metal clusters on oxide

surfaces interact preferentially with the defects [17,18], and, in turn, can be modified

electronically and chemically [19,20]. To illustrate this, work function measurements

and adsorption studies have been carried out on Ag clusters adsorbed on SiO2. Ag

was chosen, because of its relevance to a variety of catalytic processes.

In this review, a methodology for identifying several types of defects on crystalline

MgO and SiO2 surfaces is described. The lineshapes of MIES spectra in conjunction
with low energy electron diffraction (LEED) data, CO-temperature programmed

desorption (TPD) spectra, and MIES spectra of adsorbed Xe significantly change in

the presence of defects. Upon Ag exposure, the work function also changes as a

function of defect density. Combinations of these experimental techniques are shown

to be effective for identification of several kinds of defects. This methodology allows

one to distinguish between extended and point defects on oxide surfaces, and is

suitable for use with other wide band-gap oxides.
2. Experimental

The experiments were carried out in an ultrahigh vacuum (UHV) system (base

pressure 1� 10�10 Torr) consisting of two interconnected chambers. One chamber is
equipped with an ion-gun for sputtering, LEED and TPD. The second chamber

contains Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy

(XPS) and MIES/UPS. MIES/UPS spectra were measured simultaneously using a

cold-cathode discharge source [21,22] that provides both ultraviolet photon and

metastable He 23S (E� ¼ 19:8 eV) atoms with thermal kinetic energy. Metastable and

photon contributions to the signal were separated by a time-of-flight method using a

mechanical chopper. MIES and UPS spectra were acquired with the photon/meta-

stable beams incident at 45� with respect to the surface normal and utilizing a double
pass cylindrical mirror analyzer (CMA). The resolution of the analyzer, estimated

from the width of the Fermi edge, is �0.4 eV. The work functions were estimated

from the low-energy onset of the secondary electrons in the UPS spectra.

For wide band-gap materials or metals with very low work functions, Auger-

deexcitation (AD) is the dominant mechanism that leads to the MIES signal. In this

case, a plot of the intensity of the ejected electrons versus their kinetic energies yields

the surface density of states (SDOS) for the topmost layer of the surface [8]. In the

following spectra, all binding energies are referenced to the Fermi level of the Mo
substrate. The Mo samples, used as substrates for the thin oxide films, were cleaned

by repeated flashing to 2200 K; the sample cleanliness was verified with AES. The

LEED pattern of the clean Mo surfaces showed intense spots and low background

intensity. The Ag evaporation source consisted of a tungsten filament wrapped with
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an ultrahigh purity (99.99%) Ag wire. Before Ag deposition, the evaporation source

was thoroughly outgassed and calibrated using AES.
3. Preparation and electronic structure of oxide thin films

3.1. Ultrathin crystalline SiO2 films on Mo(1 1 2)

To prepare a low defect SiO2 thin film [5,6], Si was deposited on Mo(1 1 2) at room

temperature and annealed at 800 K in 1� 10�7 Torr oxygen. Subsequently, the film

was typically annealed at 1200 K for several minutes in 1� 10�7 Torr oxygen. LEED

for the SiO2 films, synthesized as above, showed a c(2� 2) periodicity, indicating the

formation of a well-ordered SiO2 network. For these SiO2 thin films, Si4þ features

were evident at 76 eV in the AES spectra with no Si0 features at �90 eV, indicating

that the Si is completely oxidized. Using the attenuation of the Mo peaks in AES, the

thickness of the film was estimated to be 0.4–0.7 nm. The described preparation
methodology is adapted from the work of Freund and coworkers [5,6].

In Fig. 1, MIES spectra for SiO2 thin films taken after a brief anneal in oxygen at

1200 K (5 min) and after an extended anneal (60 min) at the same temperature are

compared. The spectra show a major feature at 8 eV with a shoulder at 7 eV and a

smaller feature at 11 eV. The features at 6–8 eV correspond to the O(2p) non-

bonding states, and the peak at 11 eV to the Si–O bonding state [23,24]. After the

extended anneal at 1200 K the features of the MIES spectra are narrower and the

shoulder at 7 eV is more pronounced, indicating that the surface becomes more
ordered upon annealing. The LEED results corroborate this interpretation. An-

nealing of the sample in oxygen at 1200 K leads to an increase of the LEED spot

intensities and to a decrease of the background intensity. It should be noted that a
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Fig. 1. MIES spectra collected from SiO2 thin film, prepared at room temperature and annealed in

1� 10�7 Torr oxygen on Mo(1 1 2). Only time for final anneal in oxygen at 1200 K was different as in-

dicated. The thickness of film was �0.5 nm.
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shoulder at 7 eV is evident for amorphous SiO2 using He(II)-UV-light [23,24], and

that calculated density of states show fine structure for the polymorphs of SiO2, e.g.

b-tridymite, a-cristobalite and b-cristobalite within this energy range [25].
The UPS spectrum for this SiO2 thin film (not shown) is similar to the MIES

spectrum, i.e., the spectrum is also dominated by the O(2p) and the Si–O features. In

the UPS data, additional features between 0–4 eV are apparent (see Fig. 3(b)). These

features, with low intensities, arise from the Mo(1 1 2) substrate. It should be em-

phasized that MIES has been shown to be sensitive only to the topmost surface layer,

whereas UPS integrates over the surface and near-surface region [8].

The MIES/UPS spectra for these SiO2 thin films are similar to previously pub-

lished photoemission spectra for SiO2 bulk crystals [24], indicating that the electronic
properties of the SiO2 thin films with a thickness of 0.4–0.7 nm are essentially

identical to those of bulk SiO2. In addition, STS data for SiO2 thin films with a

thickness of 0.5 nm show bulk like electronic properties corroborating this conclu-

sion [26].
3.2. MgO(1 0 0) thin films on Mo(1 0 0)

To prepare thin MgO films, Mg was deposited on Mo(1 0 0) in an O2 background

of 1� 10�7 Torr at 600 K. The thickness of the thin films was varied within the range

of 2–15 monolayers (ML). In all cases, AES did not show a metallic Mg peak at 44

eV, whereas the Mg2þ peak at 32 eV was distinctly visible [27], indicating that Mg

was completely oxidized. The LEED pattern of these thin films exhibited a (1� 1)-
periodicity with diffuse spots and relatively high background intensity, indicating

that the ‘‘as-grown’’ MgO thin films are rough and poorly ordered. These results are

consistent with recent results that showed a sharp (1� 1)-LEED pattern from the as-

grown MgO films only when the thickness of the film was greater than 30 ML [14].

Previous LEED investigations found that subsequent annealing of the MgO thin

films does not lead to improvement in the LEED patterns [27]. In fact, when the

thickness of the MgO films was less than �5 ML, the diffuse (1� 1)-LEED pattern

remained unchanged upon annealing at 1150 K. In contrast, a sharp (1� 1)-LEED
pattern could be obtained by annealing a MgO thin film grown at 600 K with a

thickness of �15 ML.

In Fig. 2, MIES data for an as-grown MgO(1 0 0) films taken before and after

annealing at 1150 K are compared. For the clean MgO surface, the O(2p) feature

appears at 5.5 eV below the Fermi level. No F/Fþ defect features at 1–2.5 eV were

observed with MIES, indicating that the number of F/Fþ-centers is relatively small

[9]. The full-width-half-maximum (FWHM) of the O(2p) peak decreased from 3.2 to

2.5 eV upon annealing. Narrowing of the O(2p) band, indicating that the surface
becomes more ordered upon annealing, is consistent with the LEED results, i.e., the

(1� 1)-spots are sharper after annealing. These results agree with previous atomic

force microscopy (AFM) investigations of MgO single crystals, where the roughness

of the MgO single crystal surfaces could be significantly reduced by annealing the

crystal at high temperatures (T > 1250 K) [28].
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Fig. 2. MIES spectra collected from as-grown MgO film on Mo(1 0 0) before and after annealing at 1150

K. Thickness of film was �3.5 nm (15 ML).
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For MgO(1 0 0) films with a thickness of 30 ML or greater, surface charging was
observed during electron spectroscopic measurement [1]. However, on MgO(1 0 0)

films with a thickness of only 15 ML no surface charging occurs [1]. On the other

hand, recent scanning tunnelling spectroscopy (STS) studies in combination with

UPS and EELS show that bulk-like electronic properties of MgO thin films on

Ag(1 0 0) develop within the first 2–3 ML (�0.5–0.8 nm) [29]. Hence, low defect

MgO(1 0 0) films with a thickness of 15 ML are appropriate models for a bulk

MgO(1 0 0) surface, yet suitable for electron spectroscopic measurements.
4. Identification of point defects on silica thin films

In previous optical spectroscopy investigations on defective SiO2 various ab-

sorption and luminescence bands were found [7,30–36]. Theoretical studies, carried
out to understand the optical absorption and photoluminescence spectra of SiO2

[7,37–43], have shown that additional occupied and unoccupied states are present in

the band-gap region [37], when various defect sites (oxygen vacancies or excess ox-

ygen) are present. These defect sites are considered to be responsible for the exper-

imentally observed color centers.

If defect sites on SiO2 surfaces correspond to occupied states within the band-gap,

MIES should identify these defect states. An additional occupied state in the band-gap,

which is not present on low defect SiO2 surfaces, is observed for a defective SiO2 surface
prepared by depositing excess Si onto a well-ordered SiO2 surface at room temperature

followed by oxidation at 800 K (Fig. 3(a)). After annealing at 1050 K in oxygen, the

band-gap state disappears, indicating that the anneal reduces the number of the related

defect sites. Given that the defective surface in Fig. 3 was created by oxygen treatment

at 800 K, it is reasonable to assume that the number of oxygen vacancies on this surface

is not high. Furthermore, no Si0 was detected with AES, consistent with the number of
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Fig. 3. (a) Enlarged view of MIES spectra in low binding energy region for defective SiO2 film before and

after annealing at 1050 K. (b) Corresponding UPS spectra. Defective film was prepared by deposition of Si

onto well-ordered SiO2 film at room temperature, followed by oxidation at 800 K. Further annealing at

1050 K results in disappearance of defect state.
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oxygen vacancies being low. Therefore, it is likely that defect sites other than oxygen

vacancies, such as peroxyl bridge, peroxyl radical, or non-bridging oxygen [37], are

responsible for the appearance of the band-gap states in Fig. 3(a).
In contrast to MIES, no additional electronic state induced by defect sites can be

clearly identified by UPS (Fig. 3(b)). Furthermore, the UPS spectra consist of

contributions from the SiO2 film, as well as features from the underlying Mo(1 1 2)

substrate that overlap the band-gap states from various defect sites of SiO2. This

superposition of the Mo(1 1 2) features and the defect states complicate the unam-

biguous identification of defect states in the band-gap using UPS.

States in the band-gap region also appear after deposition of Si onto SiO2 at room

temperature (Fig. 4). Si deposition onto SiO2 at room temperature introduces features
in the MIES spectrum similar to those found for the defective SiO2 surfaces of Fig. 3.

A SiO2 thin film damaged by 3 kV-electron-beam yields a virtually identical spectrum

(not shown). Si deposition onto SiO2 and also electron-beam treatment of a low defect

SiO2 surface can create an oxygen-depleted SiO2 surface with an electronic structure

essentially identical to a surface with oxygen vacancies. However, it is noteworthy
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Fig. 4. Enlarged view of MIES spectra in low binding energy part for SiO2 thin film as function of Si

deposition at 300 K.
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that Si(III)-(7 · 7) surface also displays electronic states in this energy region [44,45],

therefore deposition of Si at room temperature and electron-beam treatment of a low

defect SiO2 surface leading to Si clusters cannot be excluded. For MgO(1 0 0), addi-

tional features in the band-gap as measured by EELS, and has been assigned to

oxygen vacancies (e.g., neutral F centers) [12]. At the same time, Mg deposition-

induced features in the band-gap of MgO(1 0 0) also had been identified using MIES
[46]. Furthermore, it is known that high energy electron-beam treatments of

MgO(1 0 0) surfaces selectively remove oxygen atoms from the surface, creating F/Fþ

centers [9].
5. MIES of adsorbed Xe (MAX) to probe extended defect sites

5.1. High and low defective MgO(1 0 0) surfaces

Another technique enabling the identification of defect sites is MIES of adsorbed

Xe (MAX) [16]. In Fig. 5(a), the MIES spectrum for the vacuum-annealed

MgO(1 0 0) surface is compared with that from a comparably prepared surface with

adsorbed Xe. The MIES spectrum for the adsorbed Xe-monolayer was acquired in a

Xe background pressure of 5� 10�5 Torr at a sample temperature of 80 K. Xe on the

surface typically gives rise to sharp doublet features originating from the 5p1=2 and

5p3=2 states of adsorbed Xe atoms [47]. In general, the 5p3=2 signal splits into two

sublevels causing broadening of the 5p3=2-peak [48]. As shown in Fig. 5(a), the MIES
spectrum collected for Xe/MgO yields a sharp doublet feature from the Xe 5p states.

The O(2p) peak from the substrate completely disappears indicating that the surface

is almost completely covered by Xe. The relatively high intensity of the 5p3=2 peak is

probably due to the high cross-section of this state for the AD process. A similar

ratio of intensities of the 5p1=2 and 5p3=2 levels was found in a previous MIES study

of Xe-multilayers [49].
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Fig. 5. MIES and MIES of adsorbed Xe (MAX) for MgO surfaces with (a) low and (b) high defect

densities. In (c), MAX spectra for both surfaces are compared. High defect surface was prepared by de-

position of Mg in O2 background of 1� 10�7 Torr at room temperature. Low defective surface was

prepared by deposition of Mg in O2 background of 1� 10�7 Torr at 600 K, followed by multiple anneals at

1150 K (thickness �15 ML).

S. Wendt et al. / Progress in Surface Science 74 (2003) 141–159 149
Fig. 5(b) shows MIES spectra for bare and Xe-adsorbed MgO surfaces grown at

300 K without further annealing. The broader O(2p) feature in Fig. 5(b) compared to

that of Fig. 5(a) is consistent with this surface having a greater density of extended
defects. For the MgO surface, grown at 300 K without annealing, the 5p1=2 and 5p3=2

levels of Xe are broader compared with those of the vacuum-annealed MgO surface.

The broad Xe-peaks in MIES indicate that the adsorption sites for the Xe atoms are

more heterogeneous than for a vacuum-annealed MgO(1 0 0) surface. These results

show that the valence band structure for an adsorbed Xe-monolayer can be used to

estimate the uniformity of the surface. The MAX spectrum of the high defect MgO

surface shows shoulders at lower binding energies with respect to the Xe 5p states of

the low defect surface (Fig. 5(c)). Based on the assumption that the Xe-5p level is
pinned to the vacuum-level of the surface [50,51], the local work function of the defect

sites in the 300 K-grown MgO(1 0 0) films should be higher than that of a relatively

defect-free MgO(1 0 0) surface. However, the work function of the 300 K-grown

MgO(1 0 0) film determined by the on-set of the secondary electrons in UPS is lower

than that of the vacuum-annealed MgO(1 0 0) film, in disagreement with the MAX-

results. The results of Fig. 5(c) show that the Xe 5p levels in MAX do not always
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reflect the surface local work functions. Therefore, the use of Xe 5p energy position to

determine the local work functions is problematic for defective oxide surfaces.

5.2. High and low defective SiO2 surfaces

MAX spectra for the high and low defect SiO2 surfaces are presented in Fig. 6.

The SiO2 surfaces were produced by annealing the 800 K-prepared film at 1050 and

1200 K, respectively. For the 1200 K-annealed SiO2 surface, sharp doublet features

from the Xe 5p1=2 and 5p3=2 levels are observed, indicating a high degree of surface

homogeneity. In contrast, the 1050 K-annealed film shows a shoulder at higher

binding energies in addition to the Xe doublet features. Such a shoulder is not visible

for defective MgO surfaces, and most likely, results from Xe atoms adsorbed at
extended defect sites. Electronic structures of adsorbed Xe atoms on regular and

defect sites can be different, possibly due to the different local electronic structures of

defect sites with respect to those of regular sites, and thus the 5p orbitals of Xe atoms

on regular and defect sites can appear at various binding energies [16]. It is note-

worthy that photoemission of adsorbed Xe (PAX) has been widely used for the

characterization of heterogeneous surfaces, in particular, bimetallic surfaces [50]. In

any case, from the relative intensity of this shoulder with respect to those of the

sharp doublet features, the extended defect density for the 1050 K-annealed SiO2

surface is estimated to be approximately 20–30%.
6. CO as probe molecule for MgO(1 0 0) surfaces

6.1. CO TPD from various MgO thin films

It has been shown that CO adsorbs selectively on defect sites of MgO(1 0 0)

surfaces at 90 K [1,3,14,15], suggesting that CO can be used as a probe molecule to
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titrate certain defect sites. In Fig. 7, CO TPD spectra from various MgO(1 0 0) films

are compared. A CO TPD spectrum acquired from a sputter-damaged surface ex-

hibits a CO desorption feature at 120 K. After annealing the sputter-damaged sur-

face to 1050 K, the intensity of the CO desorption peak decreases. Subsequent

annealing to 1150 K reduces the intensity of the CO desorption peak even further.
Obviously, the number of defect sites, which can be assessed by CO molecules, is

smaller after annealing. These spectra confirm that CO can be used as a probe

molecule to titrate defect sites on MgO(1 0 0) surfaces.
6.2. CO adsorption on as-grown MgO(1 0 0) film

To clarify the TPD results, MIES/UPS spectra were collected as a function of CO

exposure on various MgO surfaces [1]. At first, the MgO(1 0 0) film grown at a

sample temperature of 600 K (thickness �15 ML) was exposed to CO at 90 K (Fig.

8). Note that this film exhibited a diffuse (1� 1)-LEED pattern, and a relatively

broad O(2p) feature in the MIES spectrum, indicating that the surface is not well-
ordered. Fig. 8(a) shows the MIES spectra collected as a function of CO exposure

and Fig. 8(b) shows the corresponding difference spectra. At the early stage of CO

exposure, the intensity of the O(2p) peak decreases markedly. The intensity of the

O(2p) shows an attenuation of approximately 35% upon CO exposures of 5 L or

more. Further CO exposure leads to a more slowly attenuating O(2p) feature in the

MIES spectra. Additional peaks at 10, 12.4 and 14.6 eV develop in the MIES spectra

during CO exposure (Fig. 8(b)). As the CO exposure increases, the peak at 12.4 eV

shifts to 12.0 eV. Further CO exposure leads to a gradual shift of the peaks at 12.0
and 14.6 eV to lower binding energies. The attenuation of the O(2p) peak saturates at

CO exposures between 5 and 10 L, whereas the CO-induced peaks continue to shift

with higher CO exposures to lower binding energies.

The CO induced features are also visible in the corresponding UPS spectra (not

shown). The overall changes of the UPS spectra upon CO exposure are similar to

those of the MIES spectra in Fig. 8.
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The three CO-peaks at 10, 12.4, and 14.6 eV in the MIES spectra (Fig. 8) are

assigned to the 5r, 1p, and 4r orbitals of CO. In the gas phase, the separation

between the 5r and 1p levels is 2.9 eV, whereas on transition metal surfaces, the 1p
and 5r levels typically overlap, because of the shift of the 5r orbital [52]. On

MgO(1 0 0) surfaces, the 5r and 1p levels are separated by 1.6 eV in both the MIES

and UPS spectra. A separation of 1.6 eV for the 1p and 4r peaks was also observed

for ZnO(1 0 1 0) [53]. The large separation between the 5r and 1p orbitals on both

oxide surfaces is likely a result of weak interaction of the 5r level with the oxide
surfaces compared to this interaction on a transition-metal surface.

The shifts of the CO-peaks with increasing CO coverage are consistent with a

strong lateral interaction between the CO molecules. Thus, it is likely that the CO

coverage at the adsorption site or sites is relatively high at 90 K. However, the O(2p)

attenuation in the MIES spectra is only 35% upon a 5 L or higher exposure of CO at

90 K, indicating that the overall coverage of CO on the surface at 90 K is not high.

Note that the completion of the CO monolayer should result in a 100% attenuation

of the O(2p) feature, because MIES is exclusively sensitive to the outermost surface
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layer. From these results, we conclude that CO adsorption takes place only on a

specific area of the surface, most probably extended defect sites such as step edges

and corners.
6.3. CO on annealed MgO(1 0 0) surface

In a further experiment, the vacuum annealed MgO(1 0 0) surface of the same
thickness was investigated using MIES and UPS. After annealing the as-grown

MgO(1 0 0) surface at 1150 K, the MIES spectra were collected during CO exposure

(Fig. 9). No change of the spectra could be observed even with a CO background

pressure of 1� 10�6 Torr. Consequently, no adsorption of CO takes place at 90 K on

the MgO(1 0 0) surface after the MgO(1 0 0) thin film has been annealed at 1150 K.

These results are in agreement with a recent TPD study using a bulk MgO single

crystal where no CO TPD peaks were found above 90 K [15]. Furthermore, the CO-

induced c(4� 2)-LEED structure is observed on the MgO(1 0 0) single crystal at 40 K,
whereas above 55 K, no superstructure spots were observed, indicating that de-

sorption of the first CO monolayer takes place at this temperature [54]. Thus, the

adsorptive properties of CO on a MgO(1 0 0) single crystal are identical to those of

the vacuum annealed MgO(1 0 0) film. Therefore, the well-ordered MgO(1 0 0) thin

films possess essentially identical chemical properties like in situ cleaved single

crystals. This conclusion is also supported by the virtually identical D2O-TPD

spectra from both surfaces [3,55].

The results presented in this section clearly show that CO is an appropriate
molecule to titrate defect sites on MgO(1 0 0) and are consistent with previous in-

vestigations. NO also has been used to probe certain defect sites on MgO(1 0 0)

surfaces [7,56,57], however, a recent study has raised questions regarding its efficacy

for doing so [3].
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Fig. 9. MIES spectra taken from vacuum-annealed MgO(1 0 0) film as function of CO exposure

(P (CO)¼ 1� 10�6 Torr, T ¼ 90 K). Film thickness of vacuum-annealed MgO(1 0 0) film was �15 ML.
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7. Interaction of Ag with various oxide surfaces

7.1. Interaction of Ag with MgO(1 0 0)

It is generally accepted that interactions of metals with defective oxide surfaces

are stronger than those with non-defect oxide surfaces. Therefore, metal clusters

decoration could be suitable as a probe for defect sites. Using MIES/UPS various

defective oxide surfaces upon metal deposition have been investigated. For Ag de-

position onto a sputtered MgO(1 0 0) surface an unusual change in the work function

was found [58].

For all MgO(1 0 0) surfaces with varying defect density, the O(2p) feature in the
MIES/UPS spectra attenuates upon Ag exposure. With increasing Ag coverages the

Ag-induced features appear, as previously observed in MIES/UPS studies by Ke-

mpter and coworkers [59]. In addition, the low-energy onset of the secondary elec-

trons shifts upon Ag exposure, indicating a change in the work function, whose

variation as a function of the Ag coverage is summarized in Fig. 10. On the as-grown

and also on the vacuum-annealed MgO(1 0 0) film, the work function gradually

changes with increasing Ag exposure from �3 to 4 eV (Fig. 10, trace a)). Note that

the vacuum-annealed MgO(1 0 0) has a significantly reduced number of extended
defect sites in comparison to the as-grown MgO surfaces, as shown in Sections 3 and

5. Hence, extended defects do not play a significant role in determining the work

function, since the work function change upon Ag exposure for both MgO(1 0 0)

surfaces is virtually identical.

In contrast to the results from the as-grown and vacuum-annealed MgO(1 0 0)

surfaces, the work function varies with Ag deposition in an unusual manner, if the

vacuum-annealed MgO(1 0 0) surface is first sputtered and then annealed to 600 K

(Fig. 10, trace b). In this case, the work function initially decreases upon Ag depo-
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Fig. 10. Work function for MgO(1 0 0) surfaces with (a) low and (b) high density of point defects as

function of Ag exposure. High defect MgO surface was produced by sputtering of vacuum-annealed MgO

surface. Work function change was estimated from low-energy onset of the secondary electrons in UPS

spectra.
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sition. The sputtering most likely creates point defects, such as neutral and charged F-

and V-centers that are presumably responsible for the initial decrease of the work

function upon Ag deposition. This explanation is somewhat different from those
presented by Kempter and coworkers who considered extended defects or Mg va-

cancies (V-centers) to be responsible for the formation of electron deficit Ag clusters

at low Ag coverages [59]. However, by varying the number of extended defects, the

initial decrease in the work function upon Ag deposition was not observed, indicating

that extended defects are not responsible for this decrease at low Ag coverages.

After sputtering the vacuum-annealed MgO(1 0 0) surface, no F/Fþ-center fea-

tures within the band-gap region were detected with MIES, indicating that the

number of the F/Fþ-centers did not increase significantly [3]. Furthermore, F/Fþ-
centers should not oxidize Ag to Ag�oo

þ
, since the electron affinity of a F/Fþ-center is

rather low [60]. All together, it is unlikely that F/Fþ-centers are responsible for the

decrease of the work function at low Ag coverages. Oxygen vacancies created by

sputtering can form F2þ-centers, features not observed with MIES. The electron

affinity of the F2þ-centers, on the other hand, is sufficiently high to withdraw electron

density from Ag to form Ag�oo
þ
[60]. Moreover, it cannot be excluded that Mg va-

cancies (such as V/V�-centers) could lead to Ag�oo
þ
; however, previous studies have

shown that sputtering preferentially removes oxygen from oxide surfaces, leading to
an increase in the relative number of O-vacancies compared to Mg-vacancies on the

sputter-damaged MgO surfaces [61].

Our results suggest that Ag atoms selectively interact with point defects on the

surface at low Ag coverages. These results are consistent with several theoretical

studies as well as with an AFM study for Pd on MgO(1 0 0) [19,60,62]. All these

studies show that there is a strong interaction between adsorbed metal atoms and

point defects on MgO. The work function measurements presented in Fig. 10 indi-

cate that Ag clusters on the sputter-damaged MgO(1 0 0) surface are to a degree
positively charged at low Ag coverages.

Using CO as a probe molecule, we also investigated the chemical properties of Ag

clusters on various MgO surfaces [58]. It was found that, in the case of a sputter

damaged MgO(1 0 0) surface after deposition of a small amount of Ag, the amount of

adsorbed CO increases by a factor of two compared to a vacuum-annealed

MgO(1 0 0) surface. Since CO does not adsorb on bulk Ag at 70 K [63,64], it is un-

likely to adsorb on relatively large Ag clusters at 80 K. However, Ag atoms at the Ag–

MgO interface are chemically modified compared to bulk Ag, due to rehybridization
of the Ag-valence band with the O(2p) band ofMgO [65]. This electronic modification

of the Ag atoms at the Ag–MgO interface gives rise to the increased stability of CO.

Thus, the larger amounts of CO that adsorb on low Ag coverages on the sputter-

damaged MgO(1 0 0) can be related to the electron deficient nature of Ag clusters on

such a defective MgO(1 0 0) surface, consistent with the work function data.

7.2. Ag Adsorption on various silica thin films

In contrast to MgO, upon Ag deposition on SiO2, no enhanced charge transfer

between Ag and SiO2 in the presence of defect sites was found [66]. The work
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Fig. 11. Work function for various defective SiO2 surfaces as function of Ag exposure. The oxygen-

depleted surface was prepared by Si deposition on SiO2; the oxygen-surplus surface was prepared by

oxygen treatment of a Si/SiO2 surface at 800 K.
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function data for high and low-defect SiO2 films upon Ag exposure are almost

identical (Fig. 11). A comparison with the corresponding data for MgO(1 0 0) (Fig.

10) reveals that the changes of the work function as a function of the Ag coverage for

SiO2 films of varying defect density are much less pronounced. From these data, it is

concluded that the bonding between Ag and defect sites on SiO2 is primarily co-

valent, results consistent with recent theoretical studies. In these theoretical inves-

tigations, it has been shown that transition metals such as Pd, and Cu and various
point defects on SiO2 form strong covalent bonds [67,68], whereas for MgO, en-

hanced charge transfer between point defects and adsorbed metals has been sug-

gested [19,60,69].
8. Conclusion

Various techniques have been used to characterize low and highly defective

MgO(1 0 0) and SiO2 surfaces. The electronic and chemical properties of both oxide

thin films are identical to those of the corresponding bulk oxides indicating that these

films can be used as model catalysts and catalyst supports.

Using MIES, additional features for various defect sites on SiO2 surfaces are

observed in the band-gap region, whereas UPS shows only minor features that can

be related to the presence of defect sites. These results illustrate that low densities of

defect sites on oxides surfaces not detectable using other surface science techniques
can be measured with MIES.

Narrowing of the O(2p) band upon sample treatment (annealing or annealing in

oxygen, respectively) indicates that the oxide surface becomes more homogeneous,

i.e., the density of extended defects decreases. Extended defects on MgO(1 0 0) can

also be detected using CO as a probe molecule. At 90 K CO adsorbs on the as-grown

MgO(1 0 0) film, whereas no CO is adsorbed on a vacuum-annealed MgO(1 0 0) film.
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Furthermore, MIES of adsorbed Xe as a function of the surface defect density shows

that Xe atoms yield features at unique binding energies, confirming that MIES of

adsorbed Xe can be used as well to identify extended defects.
The work function changes of various MgO(1 0 0) films as a function of Ag

coverage imply that the electronic properties of small Ag clusters can be significantly

altered in the presence of point defects. The chemical properties of Ag clusters in-

teracting with point defects are also quite different from those on defect-free MgO

surfaces. This finding underlines the significant role of point defects in defining the

catalytic properties of oxide-supported metal clusters. For SiO2 films, analogous

experiments do not show significant changes of the work function as a function of

the Ag coverage. This result is interpreted as due to little significant charge transfer
between Ag and SiO2 suggesting that the bonding between Ag and defect sites is

primarily covalent.
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