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Abstract 

Non-epitaxial magnesium silicide (Mg,Si) films of 100 A thickness were grown on Si( 111). The formation of Mg,Si is identified 
by characteristic shifts of the Mg 2p and Si 2p peaks in X-ray photoelectron spectroscopy (XPS). Information on the electronic 
structure of this surface is obtained by metastable impact electron spectroscopy (MIES). The surface density of states obtained with 
MIES is dominated by strong emission below the Fermi level (&) displaying a characteristic double peak structure. The oxidation 
of these silicide surfaces is performed at room temperature. The electronic structure of these surfaces is investigated with MIES, 
UPS (HeI) and XPS. From the comparison with oxidized Mg films it is concluded, that the surface is terminated by an insulating 
MgO layer. Subsurface oxidation of the silicide does not take place. Furthermore, no formation of silicon oxides is observed. 0 1998 
Elsevier Science B.V. 
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Photoelectron spectroscopy 

1. Introduction 

Silicides have received increasing interest during 
the last decade. This interest concerns both techno- 
logical and fundamental aspects of silicides. A 
fundamental review can be found in Ref. [ 11, a 
review focusing on transition metal silicides in 
Ref. [2]. Briefly some of the main aspects will be 
discussed. 

Silicon-metal contacts are accompanied by the 
formation of Schottky barriers. Using transition 
metals the Schottky barrier heights vary between 
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0.4 and 0.93 eV [ 11. Due to the fact that the silicide 
interface layer can be rather small the investigation 
of the microscopic and electric properties of 
Schottky barriers has become possible. Silicides 
have been produced frpm thin interface layers with 
a thickness of some Angstrom up to thicknesses 
of some hundred microns. Depending on the com- 
position and on the temperature silicides with 
different stoichiometries were found to be stable. 
For example nickel silicide can be formed as 
Ni,Si, Ni,Si,, Ni$i, Ni,Si,, Nisi and Nisi,; the 
latter is the most stable one. Many silicides are 
found to be conductors like Nisi,, CoSi, and most 
of the other transition metal silicides. In contrast, 
OsSi,, CrSi, and Mg,Si are semiconductors. 
FeSi, in its tetragonal lattice structure is also 

0039-6028/98/$19.00 0 1998 Elsevier Science B.V. All rights reserved. 
PIZ SOO39-6028(97)00774-7 



M. Brause et al. 1 Surface Science 398 (1998) 184-194 185 

conducting, but this configuration is only stable 
for temperatures beyond 967°C. Below this tem- 
perature the lattice is orthorhombic and also semi- 
conducting [ 31. The conducting silicides are low 
work function metals and may be applied as 
photocathodes. The semiconducting silicides pos- 
sesses small band gaps and may find application 
in optoelectronic devices. 

Magnesium silicides are different compared to 
most other silicides because the only possible stoi- 
chiometry is Mg,Si. It has a cubic CaF, structure 
with a lattice constant of 6.39 A [4]. Mg,Si is a 
semiconductor with a direct band gap of 2.17 eV 
and an indirect band gap of 0.6 eV [ 51. In contrast 
to transition metal and noble metal silicides which 
display a metallic bonding, Mg,Si bonds covalently 
with ionic contributions [6]. Most of the investiga- 
tions so far published dealing with the Mg-Si 
interface are concerned with the geometric struc- 
ture and the character of the binding in the submo- 
nolayer range for Si( 111) substrates [7-91 and 
Si( 100) substrates [lo]; epitaxial growth on 
Si( 111) was observed for submonolayers and thin 
layers on Si( 111). 

The oxidation of silicides is of technological 
interest for microelectronic devices. It may turn 
out, that oxidized silicide surfaces are useful as 
insulating layers on semiconducting devices. 
Additionally, the interaction of new materials with 
oxygen and other gases may be of fundamental 
interest for the understanding of chemisorption 
processes. 

The results for the oxidation of noble metal 
silicides show that the noble metal serves as cata- 
lyst for the silicon oxidation [ 111. The free energy 
for SiO, formation is much higher than the one 
for noble metal oxide. Therefore no noble metal 
oxidation occurs. For metal rich silicides like 
Pt,Si, SiOZ formation is found while for metal 
poor silicides like PtSi, silicon suboxides like 
Si(Si0,) and Si(S&O) are observed [ 111. 

For the transition metals, whose free energy for 
oxide formation is higher than that for noble metal 
oxidation, mixtures of SiO, and metal oxide com- 
plexes can be found depending on the material 
and silicide composition. The oxidation of the 
metal rich silicide NizSi for example produces 
nickel oxides to some extent while the oxidation 

of the metal poor silicide Nisi, produces SiO, top 
layers without any metal oxide [ 111. The oxidation 
of TiS& in contrast produces both TiOz and SiOZ 
to a comparable amount [ 121. 

A study of the electronic properties of magne- 
sium silicide formation on Si( 111) and the oxida- 
tion of magnesium silicide films applying 
ultraviolet photoelectron spectroscopy (UPS) 
using He1 photons and metastable impact electron 
spectroscopy (MIES) using He*( 23S) probe atoms 
is reported. MIES and UPS results are discussed 
in combination with X-ray photoelectron spectro- 
scopy (XPS) results which show significant peak 
shifts of the Mg and Si derived peaks during 
silicide formation and oxidation. Additionally, low 
energy electron diffraction (LEED) is applied for 
the study of the silicide layer geometry. 

UPS and MIES are surface sensitive techniques. 
UPS shows in principle a mixture of the surface 
density of states @DOS) and the bulk density of 
states (BDOS) with the restriction, that the final 
density of states has to be taken into account. 
MIES in contrast gives information only from the 
outermost layer which displays the density of states 
projected to the outermost orbitals [ 131; final state 
effects are much less important. Applying MIES, 
metastable He*(23S) atoms approach to the sur- 
face with thermal kinetic energy, which leads to 
different interaction processes emitting electrons: 
( 1) As soon as a surface wave function overlaps 

with the He 1s orbital an Auger De-excitation 
(AD) process occurs when the surface work 
function is below 3.5 eV [ 141. Hereby a surface 
electron fills the He 1s vacancy thus emitting 
the electron in the He 2s orbital carrying the 
excess energy. The kinetic energy distribution 
of these electrons mirrors the density of states 
projected to the impinging He*. It is called 
the projected DOS (PDOS). 

(2) In cases where the surface work function 
exceeds 3.5 eV the impinging He* is resonantly 
ionized and an Auger Capture (AC) process 
takes place where the electron energy distribu- 
tion is formed by a self convolution of the 
PDOS. It will be shown in Section 3, that this 
process is not relevant for the purpose of this 
paper and will therefore not be discussed 
any further. 
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(3) For work functions below ca 2.2 eV an addi- 
tional process becomes important [ 151. Hereby 
a surface electron is resonantly transferred 
into the He 2s orbital thus producing a nega- 
tive excited He-* ls2s2 ion in front of the 
surface. This ion decays via a fast autodetach- 
ment process into ground state producing an 
atomic-like line near a kinetic energy of 19 eV. 

On insulating surfaces, which are formed during 
the oxidation of Mg,Si, only the AD process is 
possible. This follows from the absence of unoccu- 
pied surface orbitals being in resonance with 
the He 2s orbitals. Further details of the 
He*(23S)-surface interaction for AD and AC pro- 
cesses can be found in Ref. [ 141; details for the 
autodetachment process may be found in Ref. [ 151. 

2. Experimental techniques 

The apparatus has been described in detail pre- 
viously [ 16,171. Only a brief review will therefore 
be given. 

The apparatus is equipped with a cold-cathode 
gas discharge source for the production of metasta- 
ble He*(23S/21S) (E* = 19.8/20.6 eV) atoms with 
thermal kinetic energies and He1 photons (E* = 
21.2 eV) for UPS. The triplet to singlet ratio 
amounts to 7:l [ 131. He*(2%) atoms are known 
to be converted into He*(23S) atoms in front of 
metallic and semiconducting surfaces very effi- 
ciently [ 18-201. Therefore almost no contributions 
induced by He*(2%) atoms are found in the 
spectra. Metastable and photon contributions 
within the beam are separated by means of a time 
of flight technique combined with a twin counter 
system allowing the simultaneous measurement of 
MIES and UPS spectra. The angle of incidence of 
the probe beam is 45”; electrons emitted in the 
direction normal to the surface are analysed. The 
simultaneous collection of a MIES/UPS spectrum 
requires 2 min. The apparatus is further equipped 
with a commercial X-ray source (Specs model 865) 
for XPS. MIES, UPS and XPS measurements are 
performed using a hemispherical analyser (VSW 
HAlOO) with an energy resolution of 250 meV for 
MIES/UPS and of 0.5 eV for XPS. All spectra are 

displayed as a function of the binding energy. 
Additionally the apparatus is equipped with the 
equipment for low energy electron diffraction 
(LEED) (Physical Electronics Industries 1 l-020) 
and Auger electron spectroscopy (AES) (Physical 
Electronics Industries 1 l-500A). 

MIES and UPS experiments are performed bias- 
ing the target by 50 eV, which has been shown to 
have almost no influence on the spectral features. 
The Fermi energy (&), which corresponds to zero 
binding energy Q&=0) is determined from the 
spectra by electrons emitted from metallic sub- 
strates with the maximum kinetic energies. The 
MIES/UPS source offers ca 10’ He* and ca 10” 
He1 photons per s mmm2 on the target; the ejected 
electrons are detected by the hemispherical 
analyser. 

Si( 111) samples were prepared from As doped 
Si wafers with a resistivity of ca 0.005 Qcm. The 
Si surfaces were prepared by warming up to ca 
800 K for 10 min followed by four to five flash 
cycles at a temperature of ca 1600 K for 5 s, 
respectively. Afterwards the surface temperature is 
reduced to room temperature slowly in 10 min. 
Details of the preparation have been published 
previously 1211. Surface cleanness was checked 
using XPS, MIES and LEED. Due to the fact 
that Mg,Si has a high temperature stability Si 
targets cannot be cleaned by a heating procedure 
after silicide formation has taken place. Therefore 
a new Si( 111) target was introduced for every 
measurement cycle. 

Mg,Si layers are produced by evaporating Mg 
from a commercial Knudsen cell on the Si( 111) 
surfaces held at a substrate temperature of 570 K 
for 10 min. The Mg evaporation is done at a 
cell temperature of 600 K thus evaporating 
4 monolayers (ML) of Mg min- ‘. The thickness 
of the Mg,Si layer on the Si surfaces is estimated 
on the basis of the ratio of Si 2p and Mg 2p peaks 
obtained with XPS. 

Oxygen is offered using a ultra-high vacuum 
(UHV) leak valve with partial pressures between 
2 x lo-’ and 5 x lo-* Torr. The pressure is mea- 
sured using a standard ion gauge. To observe the 
changes of the electronic structure during the 
oxidation process oxygen is offered to a small rate 
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continuously while MIES and UPS spectra are 
collected. 

The base pressure of the apparatus amounts to 
7 x lo-” Torr; during evaporation of Mg the pres- 
sure increases to 3 x lo- lo Torr. 

All spectra shown below are displayed as a 
function of the binding energy (EB) referring to 
the target Fermi level. 

3. Results and discussion 

3.1. Mg,Siformation on Si(ll1) 

The thickness of the produced Mg,Si layers 
amounts to (lOOf 10)A in all cases, which has 
been estimated from XPS measurements not shown 
here. LEED investigations showed no ordered 
structure for the produced Mg,Si films. It has been 
found previously, that non-epitaxial Mg,Si films 
grown on Si( 100) at room temperature have 
a limited thickness of 2 ML [lo] corresponding 
to ca 13 A. Applying the template procedure 
(repeated adsorption of lo-30 ML of Mg and 
subsequent heating) at a substrate temperature of 
570 K epitaxial Mg,Si layers on Si( 111) are limited 
to a similar thickness [5]. In both cases XPS 
spectra show contributions from pure Si and Si 
bound in Mg,Si simultaneously, which is not the 
case in our XPS measurements. At room temper- 
ature the Mg,Si top-layer decreases the diffusion 
probability for Mg and therefore the film thickness 
is limited [lo]. Using the template procedure on 
Si( 111) the diffusion probability for additional Mg 
is increased after formation of the epitaxial 
Mg,Si layer. But in contrast, the sticking coefficient 
for Mg on the Mg,Si surface is reduced so that 
also in this case no further silicide formation 
occurs. Offering Mg to the Si( 111) surface at 
elevated temperatures (570 K in this case) bypasses 
both problems [lo]. On the basis of this consider- 
ation and based on the LEED results it is con- 
cluded that the thick layers produced by this 
procedure are non-epitaxial. 

Fig. la shows the Si 2p XPS spectra for the 
clean Si( 111) surface and the thick Mg,Si layer; 
Fig. lb shows the corresponding Mg 2p XPS 
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Fig. 1. XPS spectra of (a) the pure Si( 111) and a thick (100 A) 
Mg,Si layer for the Si 2p peak and (b) a pure Mg film and the 
same Mg,Si layer for the Mg 2p peak. 
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spectra for a pure Mg film and the thick Mg,Si 
layer. Si 2p is found to shift by - 1.1 eV from a 
binding energy EB of 100.8 to 99.7 eV during the 
Mg exposure. In addition, a small peak at 
EB = 104 eV appears during the silicide formation 
which is one of the satellite peaks belonging to the 
Mg 2s emission at 91.4 eV (not shown here). The 
Mg 2p peak in contrast shifts by + 0.6 eV to higher 
binding energies compared with pure Mg films 
[ 131 from & = 51 .O to 51.6 eV. These core level 
shifts have also been observed for epitaxial 
Mg,Si layers on Si( 111) [5] and non-epitaxial 
Mg$i layers on Si( 100) [lo] and were attributed 
to the formation of Mg,Si, which is the only 
possible magnesium silicide. Both peaks at 5 1 .O eV 
(Mg film) and 51.6 eV (silicide) can be fitted by 
Gaussian peaks of the same width. However it 
was not possible to fit the peak at 5 1.6 eV assuming 
contributions from a second peak at EB = 5 1 .O eV 
(corresponding to unreacted Mg). This means, 
that within the accuracy of the measurements 
(below 5%) no contributions corresponding to 
unreacted Mg are present in the Mg,Si layer. It is 
therefore concluded, that the thick non-epitaxial 
layers produced on Si( 111) by the simple pro- 
cedure applied here consist entirely of Mg,Si. 

Fig. 2 shows the MIES spectrum of the Mg,Si 
surface corresponding to the top spectra of 
Fig. 1aFig. lb. It is not “a priori” clear to what 
extent AC and AD processes contribute to the 
electron emission. Additional information clearing 
up this question can be obtained from the simula- 
tion of the MIES spectra on the basis of the 
numerical procedure developed by Niehaus and 
co-workers [22,23], which has already previously 
been applied for the interpretation of He*-surface 
interaction processes (see, for example, Refs 
[ 13,24,25]). Both AD and resonance ionization 
(RI) followed by AC are allowed for. Transition 
rates for the resonant and Auger processes which 
appear physically plausible on the basis of previous 
results were employed. The potentials describing 
the interaction of He*, He+ and He0 with the 
surface are estimated as described in Refs [22,23]. 
For the density of occupied states the results of 
Tejeda and Cardona shown in Fig. 2 are used [6]. 
The calculations are performed for the measured 
work function of 3.3 eV. For simplicity the small 

Mg,Si/Si(lll) 

: : 

XPS/ 
I ! 
] ! i I 
/ ! 
i ,! 
i ,’ 

ups I I I 
I.. . * I. * * , I * * a. I. 

20 15 10 5 0 

binding energy / eV 

: : : !.i, 
[: 
fl : 

; :: 
!I’j : ; 

I 

i, 

/ j t.; ; 

!: j 1/;1 /: 

! 
I : 

I i * i 

iii :+ 
; ii p’ ! 
; jj ! ! 

i;!! !! :!!! !! 
a, ; !! ! ! 
;:4,, ! :.! j \,.I !, 

Q 

Fig. 2. MIES spectrum of a thick ( 100 A) Mg,Si layer compared 
with the calculated DOS and the valence band XPS spectrum 
of polycrystalline Mg,Si (from Ref. [6]) and the UPS (108 eV) 
peak positions of expitaxial Mg,Si on Si( I1 1) (from Ref. [S]). 

band gap of the semiconductor was neglected. 
Under these conditions, the MIES spectrum turns 
out to be entirely due to AD, because for a He* 
kinetic energy of 100 meV the He 2s never comes 
in resonance with unoccupied states at the surface 
thus inhibiting the RI process. Moreover, the 
simulated MIES spectra reproduce the density of 
states involved in the AD process. This supports 
the statement made in Section 1, that MIES deter- 
mines directly the SDOS (for more details see 
Ref. [ 131). 

Additional to the MIES the theoretical DOS 
and the XPS results for polycrystalline Mg,Si 
published by Tejeda and Cardona [6] and the 
positions of the UPS peaks obtained using 108 eV 
photons for an epitaxial Mg,Si layer on Si( 111) 
published by Wigren et al. [5] are included in 
Fig. 2. Apart from the emission from secondary 
electrons on the left side (below EB = 10 eV) the 
MIES spectrum displays two peaks at: (1) 
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EB =2.5 eV; and (2) 5.0 eV, which are similar to 
the corresponding theoretical and experimental 
peaks ( 1) and (2) published by Tejeda and 
Cardona [6]. The peaks obtained by Wigren dis- 
play the same relative distance, but are shifted to 
lower binding energies by ca 0.5 eV. It is well 
known, that the cross-section for photoionization 
of s-states strongly depends on the photon energy. 
For the photon energy of the He1 line (21.2 eV) 
the photoionization cross-section almost vanishes 
[26]. Therefore s-states are hardly detected and 
UPS shows almost no contributions from s-states, 
which has also been demonstrated for Mg layers 
[ 131 and adsorbed alkali atoms [ 27,281. Additional 
UPS measurements (not shown here) on the 
Mg,Si surface therefore required a measuring time 
of several hours. During this time an oxygen 
contamination from the residual gas occurred cor- 
respondingtoca2L(1L=10-6Torr.s-1),which 
is very similar to the He1 UPS spectra published 
by Cardona et al. [29], who reported the same 
oxygen induced problem. 

On the basis of their calculations for the poly- 
crystalline Mg,Si films Tejeda and Cardona [6] 
remarked, that the doublet peak structure below 
EF ( 1) and (2), which is also found with MIES, 
arise from s-p-hybrid states, while the contribu- 
tions in the range between EB =4 and 10 eV (3) 
arise from the ionization of p-like states. Following 
this it may be suggested, that the two peaks (1) 
and (2) below EF correspond to these states. On 
the basis of the measurements it is not possible to 
determine the kind of bonding. Therefore this 
question will not be discussed further within this 
paper. 

Using MIES no differences in the interaction 
mechanisms occur for s- and p-like surface orbitals. 
The slow impinging He* atom interacts with the 
very outermost tail of the surface wave function 
in a distance between 5 and 2 A in front of the 
surface. The MIES spectrum in Fig. 2 shows, apart 
from the contribution of secondary electrons at 
low kinetic energies, only the two peaks ( 1) and 
(2). Alkali and earth alkali surfaces show a similar 
behaviour: the MIES spectra for these systems are 
also mostly dominated by s-states just below EF. 
The fact that such a strong intensity is found 
below Er indicates that the Mg 3s electrons remain 

mostly located at the Mg atom. This suggests in 
combination with the relatively small Mg 2p core 
level shift due to the silicide formation, that the 
bonding of the Mg,Si layer is mostly covalent. 

Peak (3) is not visible with MIES, although it 
may be hidden by the secondary emission below 
EB = 10 eV to some extent. This absence is proba- 
bly caused by the spatial distribution of the wave 
function: the impinging He* interacts predomi- 
nantly with the charge density of states in this 
energy range with the largest spatial distribution 
normal to the surface. It must therefore be assumed 
that the charge density of states corresponding to 
peak (3) does not protrude wide enough into the 
vacuum to interact efficiently with the impinging 
He*. 

3.2. Oxidation of Mg,Si layers 

Fig. 3 shows UPS spectra obtained during the 
oxidation of the Mg,Si film. The oxygen exposure 
increases by 0.25 L per spectrum. The left onset of 
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Fig. 3. UPS spectra of a Mg,Si film (100 A) during oxidation. 
The bottom spectrum displays the Mg,Si layer; the oxygen 
exposure increases by 0.25 L per spectrum. 
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the spectra reflects the surface work function which ture at EB = 6.0 eV. The 0 2p, orbitals exhibit the 
decreases from 3.3 eV for zero exposure to 2.8 eV largest spatial distribution perpendicular to the 
for an exposure of 15 L. At EB = 6 eV a prominent surface and therefore the impinging He* interacts 
structure develops with a shoulder at EB = 8.5 eV. predominantly with these orbitals. The 0 2p,,, 
The structure saturates for oxygen exposures of orbitals oriented parallel are responsible for the 
7.5 L. The contributions just below EF decrease in shoulder at EB = 8.5 eV [ 131. For exposures beyond 
intensity, but do not vanish completely. A similar 7.5 L an insulator band gap develops below EF. 
structure, arising from the ionization of 0 2p The maximum energy of the valence band is found 
derived orbitals, is found during the oxidation of at EB = 3.5 eV, which is similar to the value for 
polycrystalline Mg and Mg films [ 131. MgO surfaces [ 131. 

Fig. 4 shows the corresponding MIES spectra. 
Around EB =6.0 eV again a structure develops, 
which is markedly broader than in UPS. In con- 
trast to the UPS measurements, the shoulder at 
EB= 8.5 eV is much less pronounced. For MgO 
surfaces also only one similar structure was 
observed with MIES which corresponds to the 
ionization of 0 2p derived orbitals. The difference 
of this structure obtained with MIES and UPS 
follows from the orientation of the 0 2p orbitals 
in the top layer: the 0 2p, orbital, which is oriented 
perpendicular to the surface, produces the struc- 

The MIES spectra for the oxidized surface show 
additional intensity around EB = 12 eV. Similar fea- 
tures have also been observed for oxidized Mg 
layers [ 13,301. Briefly, they correspond to the 
formation of a molecular species containing 
oxygen, most probably a CO:- complex, formed 
at surface corners and kinks. These complexes can 
be removed easily by mild heating and are not of 
importance for the aim of this paper. 

In the oxygen exposure range between 3 and 
7 L an additional distinct feature just below EF 
appears in the MIES spectra. This peak is most 
probably due to autodetachment of He-* ions 
produced in front of the surface by the resonant 
transfer of a surface electron into the He 2s orbital. 
The probability for this resonant transfer increases 
strongly with decreasing work function, but 
decreases rapidly with the decreasing number of 
occupied states just below EF due to the forthgoing 
oxidation [ 131. Therefore no autodetachment can 
be observed beyond oxygen exposures of 7.5 L 
although the work function remains low. 

20 10 16 14 12 10 6 6 4 2 0 -2 4 
binding energy / eV 

Fig. 4. MIES spectra of a Mg,Si film (100 A) during oxidation. 
The bottom spectrum displays the Mg,Si layer; the oxygen 
exposure increases by 0.25 L per spectrum. 

The UPS results displayed in Fig. 3 show, that 
the intensity corresponding to emission from the 
underlying Mg,Si just below EF does not vanish 
for the completely oxidized surface (see top 
spectrum in Fig. 3). The insulating oxide layer 
produced during the oxidation of the Mg,Si sur- 
face attenuates the UPS signal arising from the 
underlying Mg,Si layer by an amount of ca 20%. 
In contrast, the MIES measurements displayed in 
Fig. 4 show a completely developed insulator band 
gap which means that no emission from states 
located between the valence band maximum and 
EF is observed. It is therefore concluded that the 
oxidation produces only a thin oxide layer. 
Otherwise the contributions from the underlying 
Mg,Si film seen with UPS should have vanished. 
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The top MIES spectrum of Fig. 4 for the oxi- 
dized Mg,Si layer is compared with the MIES 
spectrum for an oxidized (20 L) Mg film and an 
oxidized Si crystal in Fig. 5a; Fig. 5b shows the 
corresponding UPS spectra. The Mg film was 
produced by evaporating Mg onto a Si(100) sur- 
face at room temperature. The Mg layer thickness 
amounts to 100 A [ 131. The SiO, surface is natu- 
rally oxidized Si( 100) with an oxide thickness of 
11 A [3 11. The MIES spectrum displays the pure 
SiO, valence band while UPS shows some addi- 
tional contributions on the left side of the SiO, 
valence band from the underlying pure Si sub- 
strate. It is obvious that the spectra for oxidized 
Mg film and the oxidized Mg,Si film in Fig. 5a 
(MIES) and Fig. 5b (UPS) are rather similar. In 
contrast, the SiO, surface shows a structure peaked 
at ca 2 eV higher binding energies. The MIES and 
UPS measurements suggest therefore a MgO ter- 
mination of the surface. The absence of SiO, 
(Fig. 5c) contributions in the UPS spectra sug- 
gests, that there is no subsurface Si oxidation. 

To improve the knowledge of the chemical com- 
position of the oxygen induced layer, additional 
XPS measurements were performed. Fig. 6 shows 
the XPS spectra of the Mg KLL peak (Fig. 6a), 
the Si 2p peak (Fig. 6b) and the 0 1s peak 
(Fig. 6c) of the Mg,Si layer before and after oxida- 
tion with 15 L O,, respectively. The bottom 
spectrum corresponds to the bottom spectra of 
Figs. 3 and 4; the top spectrum corresponds to the 
top spectra of Figs. 3 and 4. 

The position of the Mg KLL peak due to Mg 
incorporated into the Mg,Si is found at 
E,=303.3 eV, which matches the Mg KLL peak 
positions found for Mg layers [ 133 and for poly- 
crystalline Mg samples [ 321. It has been observed 
that the Mg 1s peak shifts by ca +0.6 eV during 
silicide formation [lo]. The Mg 2p peak also shifts 
by a comparable amount during silicide formation 
(see Fig. lb), so that the KLL peak, which mainly 
displays the energetic difference between Mg 1s 
and Mg 2p orbitals, remains almost unaffected. 
The further peaks on the right side of the bottom 
spectrum in Fig. 6a are also assigned to the 
Mg KLL peak [33]. They are in particular not 
caused by oxygen which is proven by the XPS 
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Fig. 5. (a) MIES spectra and (b) UPS spectra for an oxidized 
Mg film, the oxidized Mg,Si layer and an oxidized SiO, surface 
(from Ref. [31]). 
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results for the 0 1s peak of the same surfaces 
before and after oxidation shown in Fig. 6c. 

The top spectrum in Fig. 6a shows a strong 
intensity increase at E,=308.8 eV caused by 

Mg2+, which corresponds to an energetic differ- 
ence to the Mg KLL peak of AE= 5.4 eV. This 
is comparable to the energetic difference of 
AE=5.0 eV observed during the oxidation of 
Mg [ 13,321. This behaviour suggests that the 
Mg-oxygen bonding is completely ionic like it is 
for oxidized Mg surfaces. A similar behaviour has 
been found for oxidized TiSi2 surfaces [ 121, where 
Ti02 contributions containing Ti4+ ions occur. 

Fig. 6b shows the corresponding XPS spectra of 
the Si 2p peak for the clean and the oxidized 
Mg,Si layer. The additional structure on the right 
side of the bottom spectrum for Mg,Si is assigned 
to the Mg 2s emission. It is also not caused by 
oxygen as can be seen from Fig. 6c. 

Upon oxidation the intensity at EB= 103.9 eV 
increases by a small amount. The analysis of the 
peak areas of the oxygen induced peaks in 
Fig. 6aFig. 6b, taking into account the different 
excitation cross-sections, gives the relative oxide 
contributions of >95% of MgO and ~5% of 
SiO, with an uncertainty, which amounts to 5% 
also. This means, that the surface is almost com- 
pletely covered by MgO, which is in accordance 
with the results from the MIES and UPS measure- 
ments. The MIES and UPS measurements for the 
completely oxidized Mg,Si surface show no contri- 
butions from Si02. This suggests, that the possible 
part of SiO, evaluated from the XPS measurement 
will be even < 5%. 

The almost complete absence of silicon-oxide 
complexes is a surprising result. For the oxidation 
of all other silicides published so far, a silicon 
oxidation takes place at least to a distinct amount, 
which is strongly enhanced by the metal compo- 
nents. Furthermore, for the most silicides metal 
oxidation does not take place at all or only to a 
small amount. For the oxidation of TiSi2 the 
simultaneous formation of Si02 and Ti02 to a 
comparable amount was observed [ 121. The 
authors discussed the formation probability on 
the basis of the heat of formation. The heat of 
formation AH amounts to: AH(Si0,) = - 858 
kJ mol - ‘; AH( Ti02) = - 944 kJ mol - ‘; AH( Mg, 

Si)= -77 kJ mol-‘; AH(MgO)= -601 kJ mol-’ 
[ 341. From the comparison of these values the 
simultaneous formation of Si02 and TiO, is not 
surprising, because the values are of comparable 
amount. In contrast, the heat of formation of 
PdO for example amounts to AH(Pd0) = 
-87 kJ mol -’ [34] and therefore no PdO is 
observed during the oxidation of Pd silicides [35]. 
Following this argument the formation of Si02 
during the oxidation of the Mg,Si surface should 
be more probable than for TiSi,, because the heat 
of formation for MgO is lower than the one for 
TiO,. It is very surprising, that during the oxida- 
tion of Mg,Si no silicon-oxide is produced. The 
following picture is therefore suggested: the 
Mg,Si surface is terminated by Mg atoms. 
Impinging oxygen molecules are dissociated and 
lead to MgO formation. After the completion of 
the top MgO layer further impinging oxygen mole- 
cules are no longer dissociated, thus inhibiting the 
subsurface oxidation. This simple model explains 
the results, although, at present, there is no direct 
proof for it. 

4. Summary 

Mg,Si layers with a thickness of 100 A are 
produced on Si( 111) by continuous Mg evapora- 
tion at a target temperature of ca 570 K for 10 min. 
The layers are non-epitaxial with a surface work 
function of 3.3 eV. The SDOS of this layer exhibit 
a strong double peak just below EF which probably 
arise from occupied Mg 3s orbitals. The measured 
chemical shifts of the core levels Si 2p and Mg 2p 
during silicide formation are similar to those 
obtained for epitaxial [5] and non-epitaxial thin 
Mg,Si films [lo]. 

The oxidation of the thick Mg,Si layers is practi- 
cally completed at exposures of ca 10 L. The 
surface work function decreases to 2.8 eV at this 
exposure. The oxidation produces a thin insulating 
layer formed by MgO. The electronic struture of 
this surface resembles closely that of MgO surfaces. 

In contrast to the oxidation of all other silicides 
published so far, no silicon oxidation is observed. 
On the basis of thermodynamic arguments it is 
suggested, that the initial surface is terminated by 
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Mg atoms. After the formation of a top MgO 
layer further subsurface oxidation is inhibited. 
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