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Thin native oxide films on Si{100) have been previously shown tc be decomposed by
exposing the film surface to synchrotron radiation (SR} in the vacuum-ultraviolet region. In
this study, photcemission and photon-stimulated desorption (PSI) experiments are
performed to investigate the synchrotron-radiation-induced decomposition of & native oxide
film on Si(100). For mass analysis of the PSD ions, the time-of-flight method is utilized.

Si 2p core-level and valence-band photoemission spectra demonstrate that the native-oxide
decomposition preferentially takes place on the thin parts of the native oxide film which

are terminated with Si—-OH and Si-—H bonds. It is shown that the native-oxide
decomposition is accompanied by desorption of HY and O ions. The H™ PDS ion yield
decreases exponentially with increasing the exposure time of SR, whereas the O PSD

one first increases with the exposure time, and subsequently decreases with the exposure time
after the HY PSD ion vield substantialiy drops. The behavior of the O+ PSD ion yield

is explained in terms of the photon-induced 8i—O bond breaking reaction promoted by
removing surface hydrogen atoms through the H' PSD process in which a Si—-H bond and

the O~—H bond in a Si-—OH bond are ruptured.

. INTRODUCTION

An undesirable native oxide film formed by exposing a
clean silicon surface to air, must be removed in the fabri-
cation processings of metal-oxide-semiconductor (MOS)
devices, e.g., silicon epitaxial growth, metallization, and
thermal oxidation. In particular, this removal is quite im-
portant for generating an ultrathin gate oxide film by ther-
mal oxidation methods, since native oxide remaining on a
Si wafer surface is known to strongly infiuence the electri-
cal and structural properties of a thin 810, flm grown on
the surface. Up to now, removal of native oxide has usually
been accompiished by beating the wafer at temperatures
above about 800 °C. However, in order to fabricate high-
reliable vltra-large-scale integration {ULSI) devices, it has
become necessary to develop the low-temperature process-
ing which does not rely on thermal activation methods.
This is mainly because high-temperature treatment of 5i
wafers induces the formation of various types of defects
which leads to degradation in the performance of ULSI
devices. One efficient means to realize such a low-
temperature processing is to utilize photon-excited process.
Fortunately, with the recent development of synchrotron
radiation {SR)} sources, which provide a high level of ra-
diation ranging from infrared to x ray, SR-excited process-
ing is becoming a promising technigue for the fabrication
of electronic devices.!™

In a previous paper,” we have revealed that a thin na-
tive oxide film on Si(100) is decomposed with the stimu-
lating action of SR in the vacuum-uitraviolet (VUV) re-
gion (VUV-SR), suggesting that native oxide on 2 Si{100)
wafer can be removed at low temperatures by exposing the

wafer surface to VUV-SR. In this study, we perform pho-
toemissionr and photon-stimulated desorption (PSD) ex-
periments to understand how native oxide films on Si{100)
are decomposed with VUV-SR. For mass analysis of the
PST¥ ion products, we utilize the time-of-flight (TOF)
method. From photoemission data, it is determined that
the SR-induced decomposition of native oxide dominantly
occurs on thin portions of the native oxide film. We find
that the native-oxide decomposition is accompanied by de-
sorption of O™ and H™ ions, and that the H' and the
O™ PSD ion yields exhibit a quite different behavior in the
SR-exposure-fitne dependence. An explanation for the
exposure-time dependence of the O PSD ion yield is
made.

I EXPERIMENT

Samples used were B-doped p-type Si(100) wafers
with a resistivity of 10 cm. The wafer surface was
cleaned in the following manner: 15 min in boiling
NH,OH:H,0,:H,O (1:2:10) (RCA rinse), a deionized
(DI) water rinse, HF:H,O (1:20) dip, DI rinse, 15 min in
IPA vapor, and N, dry blow. Formation of native oxide on
the wafer occurred predominantly after this surface clean-
ing while the wafer was being transferred to an ultrahigh
vacuum (UHV) experimental chamber with facilities for
photoemission spectroscopy. The base pressure of the
chamber was below 1107 Torr.

Photoemission and PSD measurements were carried
out at the Synchrotron Radiation Laboratory of the Insti-
tute of Solid State Physics, the University of Tokyo. SR
emitted from a 0.4 GeV electron storage ring was used as
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FIG. 1. Schematic diagram of the TOF measurement system used for
mass analysis of PSD ions. DCMA double-pass cylindrical mirror ana-
lyzer, SEM secondary-electron multiplier, CFD constant-fraction dis-
criminator, DELAY delay line, TAC time-to-amplitude converter, MCA
multichannel analyzer.

a light source for these measurements. The critical energy
of the radiation was 111 eV, with useful flux up to about
140 eV. For photoemission measurements, the radiation
was monochromatized with a grazing-incidence mono-
chromator which covers the photon energy range from 40
to 140 ¢V. For PSD measurements, the anwmonochroma-
tized zero-order (“white”) SR emerging from the mono-
chromator was used as a stimulating light source. The en-
ergy distribution curves of the “white” SR, which were
obtained from measurements of the photoelectric yield of
gold, exhibited a peak in photon flux at about 100 eV with
a2 FWHM of about 50 eV. The total photon flux of this
radiation was 10'%-10" photons/s on the sample, and the
spot size was within 1 X1 mm. Photoelectrons and PSD
positively charged ions emitted from the sample surface
were detected with a double-pass cylindrical mirror ana-
lyzer (DCMA}. For detection of the PSS} positive ions,
the polarity of the voltage applied between the inner and
outer cviindrical electrodes of the analyzer was reversed as
compared io the case of photoclectron detection. This en-
abled us to perform both photoemission and PSD measure-
ments without changing the experimental setup. Mass
analysis of the PSD ions was carried out using the TOF
method. An outline of the TOF measurement system used
here has afready been described previously.’ We will
present here a detailed account of the system.

Figure 1 shows a block diagram of the TOF measure-
ment system. The flight time of a PSD ion passing through
the analyzer, which is proportional to the square root of
the ion mass, was measured with a time-to-amplitude con-
verter (TAC), which provides an output pulse with an
amplitude proportional to the time interval between a start
input and 2 subsequent stop input. In general, the kinetic
energy of PSD ions is rather low, typicaily a few electron
volts.*® In Fig. 2, we plot a kinetic energy distribution
curve of PSD ions emitted from a 17-A thick thermaliy-
grown Si0, film on S8i{100) during exposure of the film
surface to the “white” SR as mentioned above. This curve
hes been measured with a positive potential of 100 V ap-
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FIG. 2. Kinetic energy distribution of PSD ions from a thermally grown
stficon oxide film.

plied to the sample, as mentioned below. We see that the
average kinetic energy of the PSD ions i3 about 3 eV. The
fransmittance of the DCMA for such a low-kinetic-energy
ion is very low. Furthermore, we observed that the PSD
ion signal level was rather low as compared to the photo-
electron signal level. Thus, a positive potential of about 100
V was applied tc the sample. Owing to the electric field
generated between the sample and the grounded first grid
of the DCMA, PSD ions emitted from the sample surface
were efficiently collected by the analyzer and accelerated to
about 100 eV kinetic energy. Accordingly, the pass energy
of the analyzer was set at 105 eV, which should be com-
pared to the pass energy of 20 eV as used in the photo-
emission measurements. This high pass energy enhanced
the transmittance of the analyzer, which was also suited for
detecting weak PSD ion signals. For measuring the ion
flight times, a bias potential of about 85 V plus a pulsed
potential of 15 V with a temporal width of 1 us and a
repetition rate of one pulse per 40 us, the latter of which
was synchronized with a start input pulse fed to the TAC,
were applied to the sample as shown in Fig. 1. When only
the bias potential was applied, no PSD ion could pass
through the analyzer, since the kinetic energy of the ions,
about 90 eV, was lower than the pass energy of the ana-
lyzer. When the pulsed potential was additionally applied
to the sample, the PSD ions were accelerated to pass
through the analyzer and reached the electron/ion detec-
tor, a secondary electron multiplier (SEM}. A stop input
pulse fed to the TAC was obtained from the ion detector.
The pulse height of the TAC ocutput was analyzed with a
multichannel analyzer (MCA)}.

From a simple calculation we predict that for the pass
energy of 105 eV, the flight time of an ion passing through
the DCMA, is 2.8 us for HY and 11 us for 07, provided
that the axial length of the analyzer is 30 cm and the
acceptance angle of the analyzer is 42.3 ° with respect to
the analyzer axis.
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FIG. 3. Si2p photoemission spectra of a native oxide film taken {a)
before and (b) after SR exposure, and the difference between the two. A
vertical sofid linc indicates the expected Si** (3i0),) energy position.

fi. RESULTS

A. Si 2o core-level photoemission specira

Figure 3 shows background-subtracted Si 2p core-level
photoemission spectra of a native oxide film on Si(100)
measured before and after 1 h exposure of the film surface
to the “white” SR emerging from the monochromator.
Two peaks are identified at binding energies of 99 and 103
eV. The 99 ¢V peak corresponds to photoemission of the
Si2p core-level electron mainly from Si atoms in the bulk
Si crystal, and the 103 eV peak corresponds to that from Si
atoms in the oxide film. It is seen from the figure that the
oxide peak decreases in intensity after SR exposure. This
change is due to a decrease in the oxide film thickness,
indicating the occurrence of decomposition of the native
oxide film due to VUV-SR exposure. In Fig. 3 we also
show a difference between the two spectra, which repre-
sents changes in the surface chemical state caused by SR
exposure. This difference spectrum displays two peaks
shifted by 0.5 and 3.4 eV relative to the bulk Si peak. The
0.5-eV shifted peak can be interpreted as arising from
photon-induced breaking of Si—H bonds existing on the
substrate surface, because the 8i 2p core-level chemical
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shift due to the bonding of a surface §i atom to hydrogen
is reported fo be about 0.3 eV.> ' Those Si—H bonds are
considered ¢ be predominantly generated during chenzical
cleaning of the wafer surface. The vertical solid line at 103
eV indicates the energy position at which the Si2p core-
level peak of amorphous SiO, (Si* ) is expected to show
up.!" It should be noticed that the 3.4-¢V shifted peak,
which represents the decomposition of native exide, is lo-
cated by 0.5 eV lower than this expected Si** position.
Here we note that, as pointed out by Himpsel er al.!' the
51 27 core-level of 8i0, moves towards lower binding en-
ergies for films thinner than 5 A due to a smaller valence
band offset and extra screening by the Si substrate. Indeed,
we confirmed that an 8-A thick native oxide film has the
oxide peak at the expected energy position. Furthermore, it
is likely that during natural oxidation of a Si wafer an
inhomogeneous oxide film is formed on the wafer surface.,
that is, thin and thick oxide overlayers coexist on the sur-
face. We therefore interpret that the decomposed compo-
nent of native oxide, which corresponds to the 3.4-eV
shifted peak in the difference spectrum, initially resided on
thin portions of the native oxide film. On the other hand,
the oxide peak after SR exposure, which is located at the
expected Si*t position, can be explained as arising from
thick portions of the oxide film. We observed that this
oxide peak does not exhibit any substantial change with
further exposure to the SR. Hence, we conclude that the
SR-induced decomposition of a native oxide film on
Si(100) preferentially takes place on thinner portions of
the oxide film, while thicker portions of the oxide film do
not change upon VUV-SR exposure.

It is well established that at the S10,/Si interfacia}
region, there exist Si atoms in intermediate oxidation
states, i.e., Si' T (Si,0), Si* ' (Si0), and S8’ T (81,04),
which correspond to the interfacial Si atoms which are
bonded to one, two, and three oxygen atoms,
respectively. !> These intermediate oxidation states,
which are called “suboxide”, appear as a separated peak
between the bulk Si and the oxide peaks in Si 2p core-level
spectra due to different Si 2p core-level chemical shifts.!!
We expected that during SR exposure suboxides at the
8i0,/Si interface change in the density with decompeosition
of the overlying native oxide film. We have therefore per-
formed a detailed analysis of the Si 2p core-level spectra as
presented in Fig. 3, to examine the effects on the suboxide
density due to SR exposure.

In analyzing the Si 2p core-level spectra, we have taken
account of $1 atoms in the following bonding states, which
give rise to different chemical shifts of the Si 2p core level.
First, suboxides Si" % {(n = 1,2,3) as mentioned above
were taken into account in the analysis. Second, on the
basis of the above argument, we considered two kinds of Si
atoms in the native oxide film; one corresponds to thinner
portions of the native oxide film, and the other to thicker
portions of the oxide film. It was assumed that the former,
to which we will refer as SiO¥ here, provides a Si 2p core-
level peak located slightly lower than expected
Si*' (Si0,) energy position, whereas the latter provides a
Si 2p core-level peak at the expected 8i* * position. We also
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TABLE I Energy position and intensity for each component.

] Intensity®
Energy®
(eV) Before SR exposure After SR exposure
Si—H 0.35 0.41 0.19
5t + 1.0 0.32 0.21
i 1.8 Q.13 0.09
Sitt 2.5 G.17 0.17
SI0% 3.2 0.42 0.14
Si0, (8147 ) 3.9 0.86 0.68

*Relative to the energy position of the bulk Si component.
"Relative to the intensity of the bulk Si component.

considered such a surface Si atom that is bonded to hydro-
gen. The presence of this bonding state is evident from the
difference spectrum shown in Fig. 3, which exhibits a peak
arising from ruptured Si—H bonds. Hence, using a least-
squares fitting procedure, we have decomposed the Si2p
core-level photoemission spectra into seven components,
ie., bulk Si, Si—H, S$i** (#=1,2,3), SiO¥, and SiO,
(Si* 1y, with each component having voigt shape, ie, a
Lorentzian convoluted with a Gaussian. The peak width
for each component consists of the contributions due to the
instrumental energy resolution, the inhomogeneous broad-
ening, and the lifetime broadening. The overall instrumen-
tal energy resolution was 0.43 ¢V in the present measure-
ment systern. The lifetime broadening was taken into
account by a Lorentzian of 0.1 eV FWHM. The inhomo-
geneous broadening is related to the degrees of struciural
freedom and increases as the number of S$i—O bonds
around a given Si atom increases. The Gaussian FWHMs
due to this breadening for suboxides and Si* t were the
same as given by Himpsel ez al.'! and those for Si——H and
Si0OF were assumed 1o be the same as for the bulk Si and
Si* 7, respectively. The energy position for each compo-
nent used to fit the Si 2p core-level spectra is tabulated in
Table 1. The energy positions for suboxides and
Si*" (Si0,) were almost the same as given by Himpsel et
al'' The spectra have also been decomposed into the Si
2p;,; and 8i 2p, ,, spin-orbit partner lines. For this decom-
position, the spin-orbit splitting of 0.61 eV and the 2p,,,
and 2ps,» intensity ratio of 1.2 were assumed.

The results of the analysis are summarized in Fig. 4
and Table 1. In Fig. 4, only the Si 2p;,, photoemission lines
rormalized in intensity to the intensity of the buik Si peak
are shown. Agreement between the expertmental and the
calculated spectral curves is fairly good. We can see from
Fig. 4 and Table I that components Si—H and SiO¥ re-
markably decreased in intensity after SR exposure. This
confirms that SR exposure caused breaking of Si-—H bonds
on the Si substrate and decomposition of thin portions of
the native oxide film. On the other hand, the suboxide
intensities did not decrease drastically after SR exposure.
The reason for this would be that the suboxides existing at
the interface between the Si substrate and the undecom-
posed thick native oxide overlayer, have remained afier SR
exposure. Nevertheless, a decrease in the intensities of
Sit " and 8% is identified. Here we will consider the or-
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FIG. 4. 5i 2p,,, photoemission spectra (3) before and (¢) after SR expo-
sure. Dots are the measured data and the solid line is the result of a
least-squares fit. The spectra (b} and (d) as shown on enlarged scales
have been obtained by subtracting the bulk Si component from the spectra
{a) and {c), respectively.

igin of the suboxides $i' * and $i®*. Cne possible origin of

a Si’7 state is the silicon atom at the 8i0,/5i( 100} inter-
face which is bonded to two oxygen atoms (see Fig. 9).
The bonding of a surface Si atom on the Si{ 100) substrate
to two oxygen atoms also gives rise to a Si°7 state. Alter-
natively, when one of the two unsaturated bonds of a sur-
face Si atom on Si(100) is bonded 1o oxygen to generate a
8i-—OH bond and the other is bonded to hydrogen, the Si
atom corresponds to a 8i'*t oxidation state, It is most
likely that, together with surface Si—-H bonds mentioned
previously, Si-—OH bonds which are probably generated
during chemical cleaning of the wafer surface, partially
cover a naturally oxidized Si(100) surface. Thus, we can
interpret the observed decrease in intensity of Si't and
Si% * as due to rupture of 8i —OH bonds on the substrate
surface as well as decomposition of the native oxide over-
layer.

it is interesting to notice that there appears an addi-
tional peak on the low-energy side of the 8i-—H peak in the
specirum after SR exposure, as shown in Fig. 4(d). The
peak, which is indicated by an arrow in the figure, is shifted
by about 0.3 eV to lower binding energies relative to the
buik Si peak. We attribute this peak to surface Si atoms
with unsaturzted dangling bonds, because the Si2p core-
level chemical shift for those silicon atoms is 0.43 eV rel-
ative to the bulk Si peak.” The appearance of this surface
silicon peak after SR exposure, indicates that the clean
surface has appeared due to the exposure of the naturally
oxidized Si{100) surface to VUV-SR.
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FIG. 5. Valence band photoemission spectra (a) before and (b} after SR
exposure, and the difference between the two.

B. Valence-band photioemission specira

In Fig. 5 we present valence-band photoemission spec-
tra of the native oxide film taken before and after I h
exposure of the white VUV-SR. These spectra have been
normalized in intensity to the number of incident photons.
A shoulder appearing at a binding energy of 3 eV is due to
photoemission from the bulk Si valence band of 3p char-
acter. We note that this shoulder decreases in intensity
with increasing oxide film thickness due to attenuation by
the SiG, overlayer.'? A pronounced peak at 7 eV and weak
peaks at 12 and 14 eV are attributed to photoemission from
the Si0, valence band of O 2p character. A peak appearing
at 25 eV arises from photoemission of the 3 25 shallow
core-level electron. In Fig. 5, the difference between the
two spectra is also plotted on an enlarged scale. Looking at
this difference spectrum, we see that the shoulder at 3 eV
increased in intensity after SR exposure, suggesting a de-
crease in the oxide film thickness due to SR exposure. In
addition, the O 25 peak decreased in intensity after SR ex-
posure, indicating a decrease in the surface oxygen concen-
tration, that is, desorption of oxygen atoms from the nat-
urally oxidized Si surface due to SR exposure. These
results support the conclusion derived from the results of
Si 2p core-level photoemission measurements that a native
oxide film on Si{100) is decomposed with the stimulating
action of VUV-SR.

We notice that the peak at 26 eV in the difference
spectrum, which indicates desorption of oxygen atoms
from the naturally-oxidized Si(100) surface, is slightly
shifted to higher binding energies relative to the O 2s peak
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position as indicated by a dashed line in the figure. This
energy shift provides a clue as to the origin of the oxygen
atcms desorbed. It is known that below about 450 K, water
adsorbs on a 85i1{100) surface with an unusually high stick-
ing coefficient near unity.'> Chabal and Christman'® inter-
preted this adsorption as partly dissociated water, that is,
formation of Si-—OH and Si—H bonds on the substrate
surface. The photoemission studies of Ranke and Xing!®
have demonstrated that the O 25 photoemission iine is po-
sitioned by about 0.5 eV higher binding energy for the
H,O-exposed Si(100) surface than for the well-oxidized
silicon surface which favors the bridge bond configuration
$i-(-8i for the adsorbed oxygen.w17 From these facts, we
deduce that the desorbed oxygen atoms originates domi-
nantly from Si—OH bonds on the naturally oxidized
Si1(100) surface.

As can be seen from the difference spectrum in Fig. 5,
there is an apparent discrepancy in spectral shape between
the spectra before and after SR exposure, in the energy
region from 35 to 12 eV where the Si0,-related peaks show
up. One possible origin of this discrepancy is the decom-
position of thin portions of the native oxide film. However,
there is another possibility that a change in the electronic
structure of the undecomposed thick native oxide films
cansed by SR exposure is responsible for the discrepancy.
Which mechanism dominates is not clear at present.

C. TOF mass specira

Figure 6 shows TOF mass spectra of PSD ions emitted
from the native oxide and thermally grown oxide films
during exposure of the film surfaces to the “white” SR
emerging from the monochromator. These spectra have
been taken immediately after the beginning of SR exposure
and normalized in ion yield to the number of incident pho-
tons. A time scale is attached to the figure. The origin of
the fiight time was set at the position where a photoelec-
tron TOF peak appeared, because an electron has a mass
considerably smaller than ions and thus its flight time is
negligible. As shown in Fig. 6(a), two peaks at flight times
of 3 and about 12 ys are identified on the native oxide film.
From the prediction mentioned in the previous section, we
determine that the pronounced peak at 3 us is due to de-
sorption of H™" ions and the peak at 12 ys to that of O
ions. Fere we cannot rule out the possibility that OH™,
which could be resolved from O ion signals in the present
TOF measurement system, is another origin of the peak at
12 ups. Furthermore, there also exists the possibility of
F " parily contributing the peak of concern. However, we
believe that in the present case, the F' contribution is
rather small as compared to the O'" and OH ™t ones, since
no F Zs core-level line was observed in valence-band pho-
toemission spectra of the naturally-oxidized Si surface in-
vestigated here. For simplicity, therefore, we shall refer to
the peak at 12 s as the O * peak here. The O " PSD can be
naively interpreted as arising from the decomposition of
native oxide, as described previously.” The H' PSD is
regarded as due to rupture of a Si—H bond and that of the
O—H bond in a Si—OH compiex. Comparing the mass
spectrum of the native oxide film with those of the
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exposed to SR, comparaed with those from (b) 50-A and (¢) 1000-A-thick
thermally grown stlicon oxide films exposed to SR.

thermally-grown oxide films as shown in Figs. 6(b)} and
6(c), we see that the native oxide film exhibits relatively
large O PSD ion signals as compared to the thermaily
grown oxide films. This strongly suggests that native oxide
films are more easily decomposed with VUV-SR than ther-
mally grown oxide films.

In Fig. 7, we show TOF mass spectra of the native
oxide film taken at different exposure times of SR. The ion
yield has been normalized to the number of incident pho-
tons. The H™ PSD peak drastically decreases in intensity
with increasing the exposure time. For clarity, we have
plotied the peak areas for H™ and O as a function of the
exposure time of SR in Fig. 8. The H'* PSD ion yieid
exhibits an exponential decrease with the exposure time. In
cur previous works, we observed large H* PSD ion signals
on the oxygen-exposed silicon surfaces'® and the
HF-treated silicon surface'’ during exposure of the sur-
faces to VUV-3R. It appears that hydrogen easily desorbs
from a silicon surface with the stimulating action of VUV-
SR. The exponential decrease in the H™ PSD ion yield
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therefore means that hydrogen atoms existing on the nat-
urally oxidized Si surface has been driven out via the
H'Y PSD process during a relatively short term of SR
exposure. On the other hand, the O™ ion yield exhibits a
quite different behavior; it first increases with the exposure
time of SR, saturates when the H ' ion yield substantially
drops, and subsequently decreases. This behavior of the
O " PSD ion vield will be discussed in the following sec-
tion.

V. DISCUSSION

Our experimental resulis demonstrate that thin native
oxide films are readily decomposed with VUV-SR as com-
pared to thick native oxide films or thermally grown oxide
ones. In order to understand why this occurs, we first dis-
cuss the atomic bonding configuration. of the native oxide
film investigated here.

Previous studies revealed that water readily adsorbs on
a 8i(100) surface to generate Si——CH and Si——H, 51 and
also that water contained in the atmosphere plays a crucial
rale in the formation of native oxide on 8i wafers.” Under

Niwano e¢ &/. 5581



/O

Native oxide film

" H
=l
<
3
o
B
]
e
o O
b
> - -
e/“’ ==-~..®\

[ -~ O ~-

Ve
2 rd \

s
%
4
e © O

i | | f }
0 10 20 30 40 50
Exposure time {min)

FIG. 8. Dependence of the H* and G ! ion yields on the exposure time
of SR.

these circumstances, we can expect that the surface of a
native oxide film on 8i(100) is dominanily terminated with
Si+—QOH and Si-—H bonds. In other words, we may say that
a native oxide film surface is terminated with hydrogen.
Furihermore, it would be reasonabile to assume that the
thin portions of our native oxide film which were decom-
posed with VUV-SR, are one oxide monolayer in thick-
ness, about 5 A thick, at the most. This is because the
average thickness of those portions, which was obtained
from the relative photoemission intensity of SiO¥ as listed
in Table I using Eq. (3a) in Ref. 11, is only 1.5 A before
SR exposure. Thus, we suggest a model of atomic config-
uration for the thin portions of the native oxide film as
schematically illustrated in Fig. 9{z). The thickness of
thick portions of the naiive oxide filmm, on the other hand,
will he two oxide monolayers or more. One plausible
atomic configuration expected for those portions is shown
in Fig. 9(b}.

Now we will consider the reason why a thin native
oxide film about one monolayer thick is more easily de-
composed with VUV-SR than thicker native oxide or ther-
mally grown oxide films. An importaat point in interpret-
ing this phenomenon is the difference in the atomic
bonding configuration among these oxide films. A ther-
mally grown oxide film is considered to be mainly con-
sisted of the Si—-(O--Si bridge bond. This would also be the
case for thick native oxide films, although the surface is
partly terminated with Si—CH and Si-—-H bonds, as
shown in Fig. 9(b). On the other hand, a thin native oxide
film with one monolayer thick is terminated with Si--OH
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FIG. 4. Schematic of the atomic configurations for (a) thin and (b} thick
portions of a native oxide film on 8i(100).

and Si-—H bonds, and moreover, it has a smaller number
of Si-—0—Si bonds, as shown in Fig. 9(a). Here we expect
that it is much hard for breaking of the 8i—C-—Si bridge
bond to occur under irradiation of YUV-SR, because the
oxygen atom in this bond is bonded to two neighboring
silicon atoms. This is consistent with the experimental re-
sult that thermally grown oxide and thick native oxide
films, which mainly consist of the Si—0—S5i bridge bond,
were not easily decomposed with VUV-SR. On the other
hand, Si—O0OH and Si—H bonds will be more easily broken
with VUV-SR than the Si—O-—Si bridge bond. This is
because there observed large H = PSD signals arising from
rupture of a Si—H bond and that of the O—H bond in a
Si—OH bond, and the oxygen atom in an 5i-—OH bond is
bonded to only one Si atom. Thus, we interpret that
Si—OH and Si—H bonds on thin portions of a native ox-
ide filmn are readily broken with VUV-SR, thereby leading
to decomposition of those portions. However, it is expected
that Si—QO-—Si bridge bonds in thin native oxide films are
not completely broken with VUV-SR, and Si—O bonds
are, as a result, partly left behind on the substrate surface
after SR exposure. This would be another reason why the
suboxide intensities did not remarkably decrease after SR
exposure. Si—OH and Si-—H bonds existing on the sub-
strate surface will be almost completely broken with VUV-
SR. We think that this surface bond breaking reaction,
together with the decomposition of thin native oxide films,
gives rise to the clean silicon surface.

Finaily, we discuss the observed dependence of the
O* PSD ion yield on the exposure time of SR. As men-
ticned above, we interpreted that the decomposition of thin
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native oxide films proceeds through the breaking of surface
Si—OH and Si—H bonds. Here we assume that the de-
composition of a native oxide film, which gives rise to de-
sorption of O ions, is enhanced by removing hydrogen
atoms adsorbed onto the oxide film surface. That is, when
the surface hydrogen atoms are driven out via the H™
PSD process, in which breaking of a 31—H bond and that
of the O-—H bond in a 5i—CH bond would cccur, it be-
comes easy for subsequent breaking of the remaining Si—O
bonds to occur. This could esplain why the G PSD ion
yield first increased with increasing the exposure time of
SR. Once a substantial part of the surface hydrogen atoms
are taken away, the remaining oxygen atoms bonded to Si
atoms in pative oxide will successively desorb via the
C7 PSD process. This would be the reason why the O
ion yield decreased gradually with the exposure time of SR,
after the H” ion yield substantially dropped. Of course,
we expect that a direct breaking of the Si—O bond in a
Si—OH complex, which induces desorption of OH © ions,
also occurs. This breaking reaction explains the O7 ion
vield observed at the beginning of SR exposure.

V. CONCLUSIONS

The sychrotron-radiation-induced decompaosition of
native oxide on Si(100) has been studied using photoemis-
sion and PSD spectroscopic technigues with SR. The re-
sults of Si2p core-level and valence-band photoemission
measurements demonstrate that the decomposition of na-
tive oxide preferentially occurs on the thin portions of a
native oxide film on Si(100) which are terminated with
Si-—OH and Si—H bonds. It was shown that the native-
oxide decomposition is accompanied by desorption of
H*T and O jons. The OF and H'™ PSD yields display a
guite different behavior in the SR-exposure time depen-
dence; the G 7 ion vield first increases and subsequently
decreases with increasing the exposure time of SR, whereas
the H' ion yield exponentially decreases with the expo-
sure time. The behavior of the O " PSD ion yield was
qualitatively explained in terms of the photon-induced
Si—O bond breaking reaction promoted by the removal of
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hydrogen atoms adsorbed onto a native oxide film surface
via the H' PSEY process.
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