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Abstract

A preparation is reported which, for the ®rst time, results in a thin, crystalline SiO2 ®lm on a Mo(1 1 2) single crystal.

The procedure consists of repeated cycles of Si deposition and subsequent oxidation, followed by a ®nal annealing

procedure. LEED pictures of high contrast show a hexagonal, crystalline SiO2 overlayer with a commensurate rela-

tionship to the Mo(1 1 2) substrate. AES and XPS have been used to control ®lm stoichiometry. A spatial dependence of

the Si4� core level shift with distance from the interface plane is observed, but the shift is found to be essentially in-

sensitive to the degree of crystallinity in the ®lm. The wetting of the substrate by the ®lm has been investigated by

LEED, XPS and TDS. The results prove that the ®lm covers the substrate completely. Ó 2000 Elsevier Science Ltd. All

rights reserved.

1. Introduction

In semiconductor industry, the properties of SiO2

and the SiO2/Si interface are essential for the perfor-

mance of electronic devices. New generations of metal

oxide semiconductor ®eld e�ect transistors (MOSFETs)

require a scaling down of the thickness of the insulating

SiO2 layer [1]. One of the inherent problems in pro-

ducing MOS gates in very large scale integrated circuits

(VLSI) is reliability of the thin insulator layer. There-

fore, a complete understanding of the SiO2/Si interface is

imperative. Decades of work clari®ed the key features,

but there is still a considerable uncertainty in our

knowledge of the details of the interfacial region. The

SiO2/Mo system shows similarities to the SiO2/Si inter-

face and o�ers the unique possibility to study the evo-

lution of a thin, well-ordered SiO2 ®lm in the vicinity of

a metallic interface.

2. Experimental

The ®lm preparation starts with four cycles of the Si

deposition, each followed by an oxidation step. Si is

evaporated by electron bombardment of a Si rod,

keeping the crystal at 300 K. The subsequent oxidation

step is carried out at 800 K in an atmosphere of 5� 10ÿ5

mbar O2 (6 min). Spectra taken during ®lm deposition

have been recorded after the oxidation step and are

denoted according to the corresponding cycle (1±4).

After the SiO2 ®lm deposition, four annealing steps are

applied to order the ®lm. The crystal is heated in an

atmosphere of 5� 10ÿ6 mbar O2 for 20 min, applying

1000 K during the ®rst two and 1150 K during the last

two annealing steps. Spectra taken during this prepa-

ration stage are denoted by the numbers 5±8, according

to the respective annealing step.

3. Discussion

3.1. Crystallinity

Fig. 1 shows the result of our LEED study in terms of

the clean Mo(1 1 2) surface (0), for reference, and the

patterns obtained at the end of SiO2 ®lm deposition (4)

and SiO2 ®lm annealing (8). The clean Mo(1 1 2) surface

(0) exhibits a p(1 ´ 1) pattern, clearly indicating that the

surface preserves the trough and row structure with its

rectangular unit mesh expected from the bulk [2]. In the

following, the spots at the position of the substrate spots

will be referred to as the fundamental spots. SiO2 ®lm

deposition results in the appearance of faint and streaky

superlattice spots in the center of the rectangular sub-

strate unit mesh which gain intensity with progress in
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®lm deposition. At the end of the ®lm deposition, the

LEED pattern (4) consists of sharp fundamental and

faint superlattice spots with a high background. Four

annealing steps have been applied to order the ®lm and

the LEED pattern (8) shows the ®nal result. The su-

perlattice and the fundamental spots appear to have

similar intensities now and the background is low,

con®rming the importance of the annealing steps to

improve the crystallinity of the ®lm. The ®lm and sub-

strate unit mesh are simply related and, thus, a com-

mensurate growth of the hexagonal SiO2 ®lm on the

rectangular Mo(1 1 2) surface is observed. The ®lm unit

mesh length is derived to be 5.2 �A.

3.2. Stoichiometry

3.2.1. Auger electron spectroscopy

Fig. 2 shows the di�erentiated AES spectra from 50

to 200 eV taken (a) for the clean Mo(1 1 2) substrate, (b)

after depositing Si, and (c) at the end of the ®lm prep-

aration. The most intense peak in the AE spectrum from

the Mo(1 1 2) surface is the M4;5NV transition at 187 eV

[3]. The attenuation of this substrate peak is used to

derive an estimate of the ®lm thickness. All well-ordered

SiO2 ®lms discussed here range in ®lm thickness between

5 and 8 �A.

The deposition of Si leads to a strong feature at 92 eV

which can be assigned to the L2;3VV transition of the

elemental Si [4,5]. Due to the high reactivity of Si with

respect to oxygen, a small signal is always visible at 84

eV, i.e. close to the position expected for SiO (L2;3VV)

[4,5]. At the end of the ®lm preparation, i.e. after ®lm

annealing, the Si L2;3VV line shape is split into a main

peak at 78 eV (Si L2;3V1V1) and a satellite at 64 eV (Si

L2;3V2V1). This spectrum is in line with the reference

spectra of silica samples, thus providing a ®rst evidence

for the successful preparation of a stoichiometric SiO2

®lm on the Mo substrate [4,5].

3.2.2. X-ray photoelectron spectroscopy

XPS has the advantage that, via the Si2p core level

shift, the di�erent Si oxidation states can be resolved [6].

In Fig. 3, various Si2p (left panel) and O1s photoelectron

spectra (right panel) of SiO2 acquired during the SiO2

®lm deposition (1±4) and the SiO2 ®lm annealing (6 and

8) are presented. The upper inset shows the development

of the position, the lower inset the evolution of the in-

tensity. Note that the position of the elemental Si2p

photoelectron line on Mo(1 1 2) is found at 99.3 eV (not

shown here).

During the SiO2 ®lm deposition (1±4), the intensity of

the Si2p photoelectron line scales linearly with the de-

position cycles applied and decreases slightly (�15%)

Fig. 2. AES spectra at di�erent stages of the ®lm deposition:

(a) clean Mo(1 1 2), (b) Si deposition on clean Mo(1 1 2), and

(c) SiO2 ®lm on Mo(1 1 2).

Fig. 1. Top: LEED pictures at E � 56 eV of clean Mo(1 1 2) (0),

after SiO2 ®lm deposition (4) and after SiO2 ®lm annealing (8).

Bottom: Sketches of the respective unit meshes and the epitaxial

relationship.

Fig. 3. Si2p (left) and O1s (right) photoelectron spectra recorded

during SiO2 ®lm deposition (1±4) and SiO2 ®lm annealing (6, 8).

The upper insets show the position, the lower insets, the in-

tensity of the lines (h: Si2p and O1s signal from SiO2; n: O1s

signal from oxygen chemisorbed on Mo(1 1 2)).
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after the ®lm annealing (6 and 8). Such a Si loss can be

the consequence of SiO2 evaporation from rough surface

regions having a higher vapour pressure [7] or desorp-

tion of volatile SiO [8].

A further, more interesting point concerns the

chemical shift of the Si4� core level with the progress in

the ®lm preparation. During SiO2 ®lm deposition (1±4),

a spatial dependence of the Si4� core level shift with the

®lm thickness is observed (chemical shift increasing from

3.1 eV after the ®rst to 3.6 eV after the fourth deposition

cycle). Note that this Si4� core level shift merely depends

on the ®lm thickness, but not on the ®lm order: SiO2 ®lm

annealing (6, 8) results in a slight decrease of the

FWHM from 1.8 to 1.7 eV, but no change in the posi-

tion of the Si2p signal is observed. The spatial depen-

dence of the Si4� core level shift with the ®lm thickness is

well known from the SiO2/Si interface [9] and an ex-

planation based on the dielectric discontinuity across the

interface has been proposed here [10]. This seems to be a

reasonable interpretation also in the present case as

other reasons, such as charging e�ects [12], can be ex-

cluded due to the advantageous situation of studying the

thin ®lm on a metallic substrate. Structural aspects, as

proposed by Grunthaner et al. [6], seem unlikely as well,

because we can observe for the ®rst time, the insensi-

tivity of the Si4� core level shift with respect to the de-

gree of crystallinity in the ®lm. This interpretation of our

data is in line with the theory of the Si2p core level shifts,

developed for the SiO2/Si interface [11].

The data further reveal that the growth of the SiO2

®lm on Mo(1 1 2) is highly stoichiometric and di�ers

from the SiO2/Si interface by the absence of the Si

suboxides, found in the transition region to adjust the

density mismatch between the SiO2 and Si lattice [13].

The O1s photoelectron line in Fig. 3 consists of two

peaks, which can be assigned to the oxygen chemisorbed

at the interface to the Mo substrate (530.7 eV) [14] and

to the oxygen, tetrahedrally coordinated to the Si (532.2

eV) [6], respectively. The peak at 530.7 eV decreases

strongly with the SiO2 ®lm deposition, whereas the peak

at 532.2 eV scales directly with the Si intensity, resulting

in a Si : O ratio of approximately 2. The energy separa-

tion between O1s and Si2p signal is found to be 429� 0:4
eV, which is further indicative for SiO2 [6].

3.3. Wetting behaviour

3.3.1. Low energy electron di�raction

It is worthwhile mentioning that the ®nal LEED

pattern (8) (Fig. 1) is already indicative of a high or a

complete coverage of the substrate by the ®lm. Whereas

all the fundamental spots are sharp and isotropic, the

superlattice spots are streaky with an anisotropic

broadening along the a�2 direction. This restriction of

spot broadening to the superlattice spots points to the

formation of antiphase domain boundaries within a

continuous overlayer [15]. If the ®lm covered only a part

of the substrate, i.e. grew in islands, also the funda-

mental spots would be broadened [16].

3.3.2. X-ray photoelectron spectroscopy

In order to study the in¯uence of the ®lm preparation

on the Mo substrate, Mo3d spectra have been taken,

which are presented in Fig. 4. A ®rst set of spectra has

been recorded during the di�erent stages of the ®lm

preparation and, for reference, a second set without

depositing any Si. This allows us to compare the be-

haviour of the Mo substrate under the preparation

conditions with and without the ®lm growth.

In the ®rst case, the Mo signal is attenuated during

®lm deposition (left panel of Fig. 4, steps 2 and 4), but

regains intensity (�15%) during ®lm annealing (steps 6

and 8). This is consistent with the observed Si loss

(Fig. 3). It is noteworthy that no shift in the binding

energy (BE) of the Mo3d line can be detected throughout

the whole procedure. Consequently, any oxidation of

Mo or compound formation between Mo and Si can be

excluded.

In the second case (see the right panel of Fig. 4), a

strong intensity attenuation of the Mo3d line can be

observed as well, if the ®lm deposition conditions (2 and

4) are applied. During the annealing steps (6, 8), the

signal decreases further and ®nally reaches a saturation

value. Although the shape and BE of the Mo3d line do

not alter during the ®rst part of the preparation (2, 4),

the appearance and the position of the XPS spectrum

change drastically by applying ®lm annealing conditions

(6, 8). In fact, a ®t procedure reveals that each spin±orbit

component is now split into two components with an

intensity ratio of approximately 1:2. Without going into

details, such a spectrum is characteristic for MoO2 [17].

As the uncovered substrate regions are obviously

Fig. 4. Behaviour of the Mo3d photoelectron line under ®lm

preparation conditions with a growing SiO2 ®lm (left panel) and

without a growing SiO2 ®lm (right panel). The upper and lower

insets show intensity and position of the line, respectively.
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oxidized completely to MoO2 under the ®lm annealing

conditions, the ®lm coverage h can be estimated by

evaluating possible contributions of the MoO2 spectrum

to the spectrum of the SiO2/Mo(1 1 2) system. By a peak

®t procedure, using the line positions and the intensity

distributions found for MoO2 as the input parameters, a

coverage of at least 95% can be calculated [18].

3.3.3. Thermal desorption spectroscopy

In order to tackle the question of ®lm coverage in

more detail, a TDS experiment based on the idea of

selective chemisorption has been carried out. Deuterium

(D2) can be shown to adsorb on a clean Mo(1 1 2) [19] as

well as on the oxygen-modi®ed Mo(1 1 2) surfaces pro-

duced under conditions like those which are applied

during the ®lm preparation [18]. With SiO2 not ad-

sorbing D2 above 100 K [20], the adsorption sites on the

substrate become more and more blocked as the ®lm

grows. Indeed, a complete suppression of the strong D2

uptake of the Mo(1 1 2) surface is observed in the ex-

periment by deposition and annealing of the SiO2 ®lm

[18]. Together with the experimental evidences reported

above, this leads to the conclusion that a two-

dimensional, continuous SiO2 ®lm is formed on the

Mo(1 1 2) support.

4. Conclusion and outlook

The growth of SiO2 on a Mo(1 1 2) single crystal re-

sults in a thin and well-ordered oxide ®lm which is sto-

ichiometric and continuous in nature. The spatial

dependence of the Si4� core level shift with distance from

the interface is related to the dielectric discontinuity

across the interface. No change of the Si4� core level

shift is observed by improving the ®lm crystallinity,

giving support to the theoretically predicted insensitivity

of the Si4� core level shift to the second and further

neighbours in the structure [11]. The structure of the

SiO2 ®lm has not been yet assigned to a particular phase,

but further studies are under way.
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