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Si oxidation in the Ba/Si(110) system has been studied by Auger-electron spectroscopy (AES) and
low-energy electron diffraction as a function of Ba and oxygen exposure. The rate of the Si oxidation un-

der elevated temperatures has been shown to be significantly enchanced by monolayer (ML) amounts of
Ba. Under very high Ba exposures (=4 ML), the Si oxidation in the Ba/Si(100) system was, however,
promoted more rapidly at room temperature than at 700'C. AES data have also shown the formation of
Ba silicide after Ba exposures of & 1 ML and anneal to about 600'C.

I. INTRODUCTION

The effect of metal overlayers on the oxidation of a Si
surface has been an interesting subject for a number of
years, ' " due to the importance of low-temperature Si
oxidation in the fabrication of microelectronics devices. '

For example, it is already well known that the adsorption
of an alkali-metal element on a silicon surface can result
in a dramatic enhancement of surface reactivity to oxy-
gen. ' The mechanism for metal-promoted Si oxidation
has already been proposed. ' ' It is believed that the
change of surface chemical activity was a result of charge
transfer between substrate and metal overlayer.

Meanwhile, since the recent discovery of high-
temperature superconductors (HTSC's), such as the Y-
Ba-Cu-0 (Refs. 13—16) and Sr-Bi-Cu-0 (Ref. 17) com-
pounds, the interaction of the HTSC constituent elements
with substrate materials has resulted in problems in sta-
bilizing the HTSC film on the surfaces, thus hampering
the prospect of integrating HTSC with other materials
especially semiconductors such as Si. ' Therefore the in-
vestigation of the interaction of the HTSC constituent
elements with various substrates has become more in-
teresting. As a result, the surface systems of Bi/Si(100)
(Ref. 19) and Sr/Si(100) (Refs. 20 and 21) were investigat-
ed to understand their interfacial structures and the effect
of the metal elements on the surface chemical properties
of silicon.

In this paper we report the studies of the interaction of
Ba with the Si(100) surface and the reaction of the
Ba/Si(100) system to oxygen exposure at different sub-
strate temperatures.

II. EXPERIMENT

The experiments were carried out in an ultra high-
vacuum (UHV) chamber equipped with a four-grid low-
energy electron diffraction (LEED) optics which was also
used as a retarding field analyzer for Auger-electron spec-
troscopy (AES). The experimental conditions were essen-
tially the same as those for the previous work. ' ' The
Si(100) samples was a piece of p-type Si wafer with resis-
tivity of 80 0 cm, lightly doped with boron which was
not expected to affect the Si oxidation study. The Si(100)

surface was cleaned in UHV by Ar+ ion bombardment
and annealed to 1100'C and 700 C, resulting in a clear
(1X2) LEED pattern of the expected surface reconstruc-
tion.

The Ba source was a small piece of bulk Ba in a cell
made of thin Ta foil and heated electrically. The deposi-
tion rate of Ba was calibrated by a quartz-crystal micro-
balance. The Ba exposure was measured in units of
monolayer [1 ML = 6.8X10' atoms/cm, equal to the
atomic density of the Si(100) surface], and the oxygen ex-
posure was in units of langmuir (1 L —= 1 X 10 Torr sec).
The base pressure of the UHV chamber during the course
of the experiments was below 2X 10 ' Torr.

III. RESULTS AND DISCUSSIONS

Oxidation of silicon in the Ba/Si(100) system has been
measured at both room temperature and 700 C as a func-
tion of barium and oxygen exposures. Desorption of Si
oxides such as SiO should not be significant at 700'C
(Ref. 5) and was undetected in our experiments, though it
has been previously detected at small submonolayer oxy-
gen coverage ( ( ( 1 ML). The oxidation process, how-
ever, is expected to be more dramatic at the elevated tem-
perature, thus the Si oxidation of the Ba/Si(100) system
was first studied at 700'C.

For verification of the characteristic changes in the
Auger spectra in response to the Si oxidation, the Auger
electron spectra for both the Ba/Si(100) and the clean
Si(100) surfaces were measured before and after exposed
to oxygen at 700'C. Before Oz exposure, as shown in
Figs. 1(a) and l(b), the deposition of Ba onto the clean
Si(100) surface generated major Auger peaks at about 52
and 74 eV, and resulted in only a minor change in the
shape of the Si AES peak at 92 eV. The Ba Auger peak
at 52 eV is most distinctive and sensitive to the increasing
Ba exposure, and was chosen for measuring the Ba sur-
face concentration of the Ba/Si(100) system. After oxy-
gen exposure, additional peaks were produced at 63 and
76 eV, as seen in Figs. 1(c) and 1(d). Among the peaks re-
sulting from oxidation, the peak at about 63 eV is not
overlapping with any major peak, and distinctive enough
to represent the Si surface oxidation.
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FIG. 2. Si Auger peak-to-peak ratio [I(Si(63 eV) )/
I(Si(92 eV))] as a function of oxygen exposure for the 700'C
Ba/Si(100) system under Ba exposures of (a) 0 ML, (b) 0.4 ML,
(c) 0.7 ML, (d) 1 ML, (e) 1.5 ML, (f) 2.5 ML, and (g) 4.5 ML.

FIG. 1. Auger-electron spectra for (a) clean Si(100) surface
and (b) Ba/Si(100) system after -0.7 ML Ba exposure; (c)
Si(100) surface exposed to 3700 L 0& at 700'C and (d)
Ba/Si(100) surface with -0.7 ML Ba exposed to 3700 L 0& at
700 C.

By measuring Si oxidation from the height of the
Auger peak at 63 eV, it is clear from Fig. 1 that the
Ba/Si(100) surface was much more reactive to oxygen
than the clean Si surface. The Auger peak-to-peak ratio
I(Si(63 eV))/I(Si(92 eV)) of the oxidized silicon to the
nonoxidized silicon for the Ba/Si(100) surface is as much
as four times that for the Si(100) surface, indicating a
strong promotion of Si oxidation by Ba. The Auger spec-
tra from the oxidized surface in Fig. 1 showed no obvious
changes during further annealing at 700 C in vacuum
(2X10 ' Torr). This confirmed that the SiO desorption
at 700 C was insignificant.

The Ba-promoted Si oxidation was further investigat-
ed at 700'C as a function of Ba and Oz exposures.
Figure 2 shows the Si Auger peak ratio
I(Si(63 eV))/I(Si(92 eV) ), as a function of oxygen expo-
sure, for the oxidation of the Ba/Si(100) system under
different Ba exposures. Each data point in Fig. 2 was ob-
tained by first exposing the room-temperature Si(100) to a
specific Ba Aux, and then exposing to oxygen after slowly
heating to 700 C. Before the next Ba exposure, the de-
posited Ba and the oxidized Si on the surface were
thoroughly cleaned off by Ar+ ion (1.5 keV) bombard-
ments and anneals to 1100 C and 700 C.

As a general behavior for the Ba/Si(100) system, the Si
Auger ratio I(Si(63 eV))/I(Si(92 eV)) initially increased
dramatically with increasing Oz exposure. At high oxy-
gen exposure () 103 L), however, the behavior of the Si
oxidation was different under different Ba exposure. For
the Ba exposures under 1 ML, further increase of oxygen
exposure resulted in only a marginal increase of the Si

Auger ratio. For high Ba exposures () 1 ML), the Auger
ratio started to measurably increase above t X 10 L Oz
exposure and at high Ba exposure the Auger ratio in-
creased significantly above 5X10 L, as seen in Figs.
2(e)-2(g).

It was very intriguing to observe the difference in the Si
oxidation for various Ba exposures as shown in Fig. 2.
For further understanding of the oxidation process for
the Ba/Si(100) system, Auger-electron spectra of the
Ba/Si(100) system were examined as a function of tem-
perature and oxygen exposure. Figure 3 shows Auger
electron spectra for the Ba/Si(100) system under two
different Ba exposures, 1 and 4 ML, respectively. After
deposition of 1 ML Ba onto the room-temperature Si(100)
surface, AES spectra were measured at both room tem-
perature and 700 C, however, showing the same line
shape as seen in Fig. 3(a). For this case of 1 ML Ba expo-
sure, the oxidation process was essentially the same as
that for Fig. 1(d), but the surface was more reactive. The
Auger ratio I(Si(63 eV))I(Si(92 eV)) for the Si oxida-
tion in Fig. 3(d) after 390 L Oz exposure is larger than
that in Fig. 1(d) after 3700 L Oz exposure.

However, after 4 ML Ba deposition onto the surface at
room temperature, the AES spectrum [Fig. 3(e)] showed
significant changes as the surface was slowly heated to
700'C [Fig. 3(f)]. The Ba(52 eV) Auger peak decreased
and the Si(92 eV) Auger peak increased, as shown in Fig.
3(f), indicating a decrease of the Ba surface concentration
due to Ba desorption. In addition to the decrease of the
Ba concentration [measured here by the decrease in the
Auger ratio of I(Ba(52 eV))/I(Si(92 eV))], a new Auger
peak at about'85 eV was generated under annealing to
700 C [Fig. 3(fl]. This new Auger peak, not observed un-
der lower Ba exposures ((1.5 ML), clearly indicated the
formation of a barium silicide. Therefore the decrease of
the Ba surface concentration was also associated with Ba
diffusion to form Ba silicide, additional to the desorption
of Ba atoms from the surface.
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When the Ba/Si(100) system was exposed to oxygen at

In addition, thepeared with increasing oxygen exposure. .n add
k at 63 eV increased, and the Si(92 eV)

Auger eak decreased drastically though the a e
peak remained almost unchanged. The disappearance of
the barium si ici e ug1' d A er peak indicates a dissociation of
the silicide un er ox'1' d d oxidation similar to that observed or
other metal silicides such as Ce silicide.

surface oxidation is proportional to the Ba deposited on
the surface, since e ugthe Auger ratio increases with increas-

of the Ba-promoted Si oxidation, the Auger ratio for the
Si oxidation at 700'C has been depicted in Fig. 4 as a

'
n of thef ' f Ba exposure. The Si oxidation o t efunction o a

Ba/Si(100) system increased more drastica y wi
=3 ML. However, after more than 5deposition up to =

ML Ba was deposited to the Si(100), as shown in ig. , a
slow down or a tendency to saturation o ef the Ba-
promoted Si oxidation was reached. The slow down in
the oxidation coud

'
ld be related to the Ba silicide formation

generating a unique surface chemical configuration.
For a further confirmation of the Ba silicide formation

in the Ba/Si(100) system, the Ba surface concentration
was measured at both room temperature and 700 C as a
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function of Ba exposure [Figs. 5(a) and 5(b ]. As shown
in Fi . 5(b), Ba deposition onto the room-temperature
Si(100) surface resulted in contmuous increa

sed. Howev-surface concentration as Ba exposure increase .
er, after annea ing o1' t 700 C the Ba concentration de-
creased drastically and remained almost constant at Ba
exposures greater than 2 ML [Fig. 5(a)]. Compared with

decrease in Ba concentration was due to not only Ba
f th rface but also Ba diffusion and for-

mation of Ba silicide. As a result of the Ba diffusion, the
Si oxidation in t e a ih Ba/Si(100) still increased after the Ba

f ncentration reached a constant value. T ere-
fore the increase of Si oxidation in the Ba/ i
ML Ba exposure), seen in Figs. 2 an, w
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was due to the Si

FIG. 4. Si Auger peak-to-peak ratio [I(Si(63 eV))/
I((92 eV))] as a function of Ba deposition fo

'
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FICx. 3. Auger-electron spectra for the Ba/ '( yBa, Si, 100) system
(left panel), with 1 ML Ba exposure (a) at room temperature,
and after exposure to (b) 18 L, (c) 90 L, (d) 390 L oxygen at
700 C (

'
ht panel) with -4 ML Ba exposure (e) at room tem-

perature and (f) at 700 C, and after exposure to (g) 6 L, ,h,
(i) 42 L oxygen at 700'C.
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PICJ. 5. Auger peak-to-peak ratio of If I Ba(52 eV) ) to
I(Si(92 eV)) for the Ba/Si(100) system (a) just after Ba deposi-
tion at room temperature and (b) after annealing to about
700 C. Solid and dashed curves are to aid the eye.
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FICr. 6. Si Auger peak-to-peak ratio [I(Si(63 eV))/
I(Si(92 eV) )] as a function of barium exposure for the room-
temperature Ba/Si(100) system after exposure to 1440 L oxygen.

oxidation in the Ba silicide since metal silicides are usual-
ly more reactive to oxygen than clean Si surfaces. '" It
should be noted here that under low Ba exposures ((1
ML), the Ba atoms in the Ba/Si(100) system formed a
number of ordered surface atomic structures at high tern-
peratures less than 1000 C, rather than desorbing from
or diffusing into the surface'22

The significant difference in the Ba concentration
[Figs. 5(a) and 5(b)], due to different substrate tempera-
tures, could also impact the Ba promotion of Si oxida-
tion. Therefore the Si oxidation study in the Ba/Si(100)
system was also done at room temperature as a function
of both Ba and oxygen exposures.

Figure 6 shows the Si Auger ratio I(Si(63 eV))/
I(Si(92 eV)) for Si oxidation in the room-temperature
Ba/Si(100) system as a function of Ba exposure. From
the data in Fig. 6, it is clear that Si oxidation in the
Ba/Si(100) increased dramatically at room temperature
even at Ba exposures above 4 ML. Compared with the
Auger data in Fig. 4 for 700'C, the behavior of the Auger
ratio in Fig. 6 did not indicate any saturation of the Ba
promoted Si oxidation. Furthermore, compared with the
data in Fig. 4 after 3700 L 02 exposure, the Si oxidation
in the Ba/Si(100) at room temperature and high Ba expo-
sure ()4 ML) was surprisingly more significant than at
700 C.

The promotion of the room-temperature Si oxidation
by multiatomic Ba layers was possibly due to a mecha-
nism which may enhance the dissociation of oxygen mol-
ecules and thus enhance the reactivity of Si to oxygen.
This room-temperature oxidation of Si, promoted by Ba,
may have similarity to the Si oxidation promoted by mul-
tiatomic layers of alkali metals, ' though the chemical
composition of the Si oxide layer may be quite different.

On the other hand, in response to the oxygen exposure,
the behavior of Si oxidation at room temperature was
also quite different from that at 700'C. As shown in Fig.
7, the Si Auger ratio I(Si(63 eV))/I(Si(92 eV)) of the Si
oxidation increased extremely rapidly when the surface
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FIG. 7. Si Auger peak-to-peak ratio [I(Si(63 eV) )/
I(Si(92 eV))] for oxidation at room temperature of the
Ba/Si(100) system with 2 ML Ba as a function of oxygen expo-
sure.

was exposed to the first 100 L oxygen. This behavior of
the Si Auger ratio as a function of oxygen exposure was
generally the same for the room-temperature Ba/Si(100)
under different Ba exposures. The increase of the Auger
ratio then became very slow after 500 L oxygen exposure,
very different from the behavior observed at 700 C for
the Ba-silicide shown in Fig. 2. The significant increase
of the Auger ratio after 500 L oxygen exposure, for the
700'C samples as seen in Figs. 2(f) and 2(g), was not ob-
served for the room-temperature Ba/Si(100) samples be-
cause the Ba atoms did not diffuse into the surface and
form Ba silicide at room temperature.

Thhe surface atomic structure of the oxidized
Ba/Si(100) was examined frequently by LEED while ex-
posed to oxygen. There were no new diffraction spots ob-
served in the LEED pattern in response to the oxygen ex-
posure. A general trend of the LEED pattern was drastic
decrease of the LEED intensities, leading to final disap-
pearance of the LEED pattern as oxygen exposure in-
creased. Therefore the oxidized Si in the Ba/Si(100) sys-
tem had no long-range ordered atomic structures.

The morphology of the oxidized surface of the
Ba/Si(100) system could be more complicated than a lay-
er structure, due to the diffusion of Ba atoms and forma-
tion of Ba silicide in the Ba/Si(100) system at 700 C.
Thus the simple models used for calculations' ' ' may not
be valid for the Ba/Si(100) system oxidized at 700'C.
However, the morphology of the Ba/Si(100) system oxi-
dized at room temperature should be much simpler, and
the simple model of an oxidized Si layer in the Ba/Si(100)
system should be a good approximation.

By assuming that the Auger sensitivities of the peaks at
52 and 63 eV are still the same as for the bulk materials
of Ba and Si02, one can calculate the thickness of the oxi-
dized Si from the model, as described previously. ' The
model calculation indicates that the thickness of the Si
oxide is approximately 15 A for the Ba/Si(100) system
under =4 ML Ba exposure after exposure to 1440 L oxy-
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gen at room temperature.
Finally, it should be pointed out here, that the forma-

tion of the Ba silicide might generate more difficulties in
stabilizing a Ba-based HTSC film on the Si surface, due to
the interdiffusion of the elements. However, low-
temperature deposition (T &500 C) should be able to
prevent the formation of the silicide and be beneficial to
achieving a stable Ba-based HTSC film on Si surfaces. It
is also possible to produce a thick layer of Ba silicide as a
barrier to resist further diffusion of other elements.

IV. CONCLUSIONS

Si oxidation in the Ba/Si(100) system has been studied
at both room temperature and 700 C as a function of Ba
and oxygen exposures. At room temperature, Ba atoms
deposited onto the Si surface did not form Ba silicide,
however, they did drastically enhance the Si surface oxi-

dation. The promotion of Si oxidation in the Ba/Si(100)
by Ba was directly proportional to the Ba exposure at
room temperature. At 700'C, the Ba atoms partially
diffused into the Si surface to form a barium silicide after
1 ML Ba exposure. The Ba-promoted Si oxidation in the
Ba/Si(100) system was still proportional to Ba exposure
( & 4 ML) at 700'C, though a trend toward saturation was
detected at -4 ML Ba exposure. Compared with the
700 C Si oxidation, the room-temperature oxidation of
the Si surface was more drastic for the Ba/Si(100) system
under high Ba exposure ()2. 5 ML).
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