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Observation of a precursor in the adsorption of molecular oxygen on %100 2X1
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Molecular oxygen adsorption on the Si(100% 2 surface has been studied at low and room temperatures by
combining ultraviolet photoemission spectroscopy and photon stimulated desdp8&h of ions near the
Si (2p) excitation edge. PSD studies as a function of oxygen exposure and photon energy have revealed an
oxygen precursor on the Si(100x2 surface. This precursor has been observed only at low tempef&ture
K) and very low oxygen exposurés<0.06 L). It consists in a molecular or atomic species bonded to a Si
surface atom in a top position.
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I. INTRODUCTION face at 40 K. However the work-function measurement does
not allow an unambiguous assignment of the electronegative
Oxidation of silicon is a vitally important process in mi- species. Moreover, the photoemission bands located near the
croelectronic manufacturing. The crucial point of future elec-Fermi level can be associated with various oxygen adsorp-
tronics is the thickness of the insulating SiGyer which  tion configurations, and not exclusively to an oxygen mol-
forms the basis of field effect transistaSET).>? It is now  ecule on top position. More importantly, the work function
possible to fabricate FET devices with a Si@ate thickness measurement is sensitive to rather high oxygen exposures, of
of 1.3 nm(Ref. 3, which corresponds to about ten silicon the order of 1 L. Actually, the search for a precursor requires
atoms across the Si/SjOnterface. The limit for the insulat- a more sensitive technique, such as the photon stimulated
ing layer thickness is determined by the presence of the silidesorption(PSD of ions, able to probe the oxygen adsorp-
con suboxides in the Si/SiOinterface. These oxygen- tionin a much lower oxygen exposure range, of the order of
deficient suboxides are significantly more conductive thard.1 L. In this paper, we present a study of the initial molecu-
the insulating Si@, and cause an electrical shortage whenlar oxygen adsorption on the clean Si(100y 2 surface at
the overall thickness is reduced down to a certain lifhi2  low and room temperatures by UPS and PSD of ions
nm, as found by Mulleet al?). Therefore, oxygen adsorp- near the Si (p) excitation edge. The O ion desorption
tion, which reveals various silicon suboxides Si@x  clearly evidences that, at very low oxygen exposures, O
=0-2) on the silicon surface and represents the initial staggnolecules adsorb differently at 50 and 300 K. At 50 K, O
of the Si/SiQ interface formation, is a process of great im- molecules adsorb with at least one oxygen atom on top of a
portance which has been intensively studied bothSiatom, while at 300 K both O atoms of thg @olecule are
theoretically—® and experimentalf7*? during the last years. in the Si back bonds. This low temperature precursor has
However, there are several aspects of oxygen adsorptiopeen observed only at oxygen exposures smaller than 0.06 L,
which are still not clear. One of them is whether an oxygenthus confirming that the observation of the precursor requires
precursor state exists under initial molecular oxygen adsorpa very sensitive surface technique such as the photon stimu-
tion on the clean silicon Si(100)»21 surface. Molecular lated ion desorption, which has been used here.
beam studidssuggest the existence of a precursor although
this _has not been confirmgd experimentally. The bonding Il EXPERIMENT
configurations and electronic structures of the oxygenated
species after the initial oxygen adsorption have been studied Experiments have been performigdsitu in an ultrahigh
theoretically only*> We emphasize here that a knowledge ofvacuum (UHV) chamber with a base pressure of 2
these bonding configurations during the initial steps of oxy-x 10~ Torr. The UHV chamber was equipped with a hemi-
gen adsorption is an important prerequisite for the kineticspherical electrostatic analyzer and a quadrupole ion spec-
Monte Carlo investigations of silicon oxidatidf trometer. The dispersed synchrotron radiation from Super-
Oxygen adsorption at low temperatures, at which the preACO (Orsay storage ringhas been used as a linearly
cursor is most likely to be observed, has been previouslyolarized photon source of variable energy in the 30—150-eV
investigated by Sylvestre and Shayefjaand Seoet all®  range.
From work-function measurements of the Si(108) 2 sur- The silicon samplgp-type S{100), p=1Q cm] of 25
face exposed to oxygen, an electronegative species has beg$x 0.25-mn? size was mounted on a specially designed
detected at low temperatut®’® Ultraviolet photoemission sample holder which allowed to vary the detection angle of
spectroscopy(UPS measurements have evidenced broackelectrons and ions emitted from the surface and to control the
states below the Fermi level at low temperature which aresurface temperature in a wide temperature range. The sample
not visible at room temperatufé Seoet al® concluded that holder enabled aré) to cool the sample down to 50 K by
an O, molecular precursor exists on the Si(100§ 2 sur- using a liquid helium flow cryostat, andi) to heat the
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sample up to 1500 K by direct resistive heating. In the
former case, the temperature was measured by a chrome= T=50 K
. .. » =
alumel thermocouple attached to the holder in a close vicin-g
ity to the sample. In the latter case, the temperature was3
controlled by an infrared pyrometer. g

The clean silicon surface was prepared as follows. First,= S, A
the sample was outgassed for at least 12 h by resistive heag 2
ing at 700 °C. In order to remove the oxide layer, the sample®
was flashed at 1040°C for 30 sec. Then the sample Wa:__S_ 03L
cooled down rapidly to 700 °C and then gradually to room @
temperature. If necessary, the flashing procedure was reg
peated two or three times. The pressure in the UHV chambe 2
during the flash did not exceedxsL0° mbar.

Molecular oxygen adsorption was doiie situ on the
clean Si(100) X1 surface in the 50-350 K temperature
range. During the adsorption, the UHV chamber was back-
filled with oxygen atP=1x10° to 5x10 ° mbar for obd . T i1
1-30 min depending on the exposure. The adsorption dose 0 5 10 0 5 10
were calculated by multiplying the pressure by the exposure Binding Energy (eV) Binding Energy (eV)
time (1 L=10° Torrsec).

All the measurements have been performed at the same FIG. 1. Electron photoemission spectra of the clead®) 2
temperature as the oxygen adsorption. The synchrotron ra<1 surface as a function of oxygen exposurdat50 K and(b)
diation was used in the three following modes. First, a mono300 K. The photon energy is 55 eV.
chromatized synchrotron light of fixed energyhy
=120 eV) was used as an excitation source to stimuldte O 1. RESULTS AND DISCUSSION

ion desorption and to monitor the kinetics of oxygen adsorp- Our combined electron photoemission and ion photodes-

tion on the silicon surface as a function of the oxygen eXpo'orption studies of the oxidation of the Si(100X2 surface
sure. Second, we used the synchrotron radiation as a MONB= e been concentrated on low OXygen exposure ranges

chromatic  light source of varia_ble energy hi( similar to the ones used in previous scanning tunneling mi-
=90-130 eV) to study O photodesorption from the pread- croscopy(STM) experimentd’~*° Many other experimental

sorbed silicon surfaces near the Sp{2excitation edge. In resultd~1220 are associated with higher oxygen exposures
both modes, photodesorbed Gons were always collected STM experimentY—2° have been performed only at room '
along the normal to the surface. Third, the synchrotron radiafemperature while our experiments have been performed

tion was used as a monochromatic light source of variablg ih at low and room temperatures, so that we can expect to

energy (iv=45-55eV) to study the valence-band electrony e 4 new insight in the adsorption process. As a matter of

photoemission of oxygen adsorbed on the silicon surface. ¢,qt que to the high sensitivity of the ion desorption tech-
The kinetics of oxygen adsorption on the cleanjiq e the temperature change has revealed the presence of

Si(100) 21 surface(mode ) was studied by monitoring 4 agsorption configuration at 50 K, which is not present at
the intensity of photodesorbed"Gons during the oxygen 30g k.

exposure. The rate of the'Gon photodesorption was found

to be low enough compared with the adsorption rate so that
this O" photodesorption did not affect the oxygen adsorption
kinetics. Only O desorbed iongaccompanied b * traces Electron photoemission spectra of the clean silicon
were detected by the quadrupole ion detector. PhotonSi(100)-2x 1 surface as a function of oxygen exposure at 50
stimulated desorption spectra of Qons as a function of the and 300 K are shown in Figs(d) and 1b), respectively. The
photon energymode I) were recordedfter oxygen adsorp- S; andS, photoemission bands, appearing on the clean sur-
tion, i.e., once a certain oxygen coverage had been achievethce at binding energies of 0.9 and 1.3 eV, represent the
Valence band photoemission spectraode ) were re- surface states of the silicon dimérsAfter oxygen exposure,
corded for various photon energies in the 45-55 eV rangewo broad bands appear. TBe band, centered at a binding
The linear polarization of the photon beam was in a planeenergy of~7.3 eV, has been previously observed on both
perpendicular to the surface. The kinetic energy distributioroxygen adsorbed &i00) and S{111) surface$? The A,

of emitted electrons was analyzed by the electron analyzer iband is less intense and centered at 2-5 eV. Ahdand

a direction perpendicular to the photon beam. Thus, the inrelative to theA; band is more intense at low temperature
cident (#,) and emission §.) angles were linked by thé,  than at room temperatufsee Fig. L This corroborates the
=90- ¢, relation, and can be adjusted by rotating the sampl®bservation by Seet al® of the A, band only at low tem-
around its vertical axis. The actual values of the photon enperature. Photoemission spectra have been recorded for dif-
ergy and emission angle were chosen to obtain the maximurierent photon energies ranging from 40 up to 60 eV and the
sensitivity of the oxygen-induced bands in the photoemissio\, band could not be resolved in different bands as it was the
spectra. case for Q on Si(111) &7 (Ref. 23. Considering the re-
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FIG. 2. Intensities of th&,; photoemission ban¢h) and of the ]
A, photoemission bantb) at 50 K (squaresand at 300 K(circles O, Exposure (Langmuir) 0, Exposure (Langmuir)

as a function of the oxygen exposure. ) o . . .
FIG. 3. In situ monitoring of the J ion desorption yield as a

. function of O, exposure on the 800 2Xx 1 surface at 50 K(a)
cent calculations of Kato and Uahe A; andA, bands can and (b)] and 300 K[(c) and (d)]. The indicated @ coverage has

be assigned to the hybridization of atomic orbitals betweerg)een deduced from the decrease of thebsnd in Fig. 2a). The
the Si substrate atoms and oxygen atoms issued from trl%oton energy is 120 eV. e

dissociation of @ molecules and located either on top of a Si
dimer, or into the Si back bonds. Thg band can alterna-
tively be associatédwith an oxygen molecule weakly ad- recorded the O ion yield as a function of the oxygen expo-
sorbed on the Si surface. As it can be seen from Fi¢@. 1 Sure(see mode | described in Sec) #nd for a given expo-
and 1b), the oxygen adsorption on the clean silicon surfacesure, as a function of the photon enefgge mode Il in Sec.
gradually reduces the intensities of tBeandS, bands. I1). Monitoring the O yield has an important advantage
The electron photoemission spectra of Fig. 1 are assocBince only topmost oxygenated species are involved in the
ated with oxygen exposures up to 0.5 L at 50 K and up to 40n photodesorption process: this provides a high selectivity
L at 300 K. These maximum exposures Correspond to a déD the presence of very specific adsorption Configurations. In
crease of theS; band intensity by a factor 0.5 at both tem- Figs. 3@ and 3b) the O" desorption yield is shown as a
peratures as can be seen from Figa) 2The intensity of the ~function of oxygen exposure up to 0.45 L at low temperature
S, band was reported rather than that of ®eband since (T=50K) and up to 4 L at room temperature. The @-
the S, band intensity is not affected by the neighborig  tensity has also been expressed in Fig. 3 as a function of the
band. The intensity of th&; photoemission band as a func- 0Xygen coverage. As seen in Figap the S; band intensity
tion of the oxygen exposure is shown in FigbR The slopes is approximately a linear decreasing function of the é3-
of theS; andA, band intensities in Fig. 2 are much higher at posure. It follows that the oxygen coverage is also a linear
50 K than at 300 K. This indicates that oxygen adsorption igunction of the Q exposure. The oxygen coverage has been
more efficient at low temperature. Let us point out that, atobtained from the reduction of tt& band in the photoemis-
both temperatures, th&, and A, band intensities increase Sion spectrdsee Fig. 29)]. It is clear from Fig. 4 that, for
regularly with the oxygen exposure. similar coverages, the Ddesorption yield is much higher
(by a factor 5 for a coverage of 0.4t low temperature than
at room temperature. This may be either due to different
adsorption configurations at both temperatures or to some
Monitoring theA; andA, photoemission band intensities specific effect on the ion desorption process it$&lfhe two
is a convenient way to study the oxygen content on the siliadsorption curves in Figs.(& and 3c) are obviously quite
con surfac&? but it cannot discriminate between different different. Oxygen adsorption at low temperature is character-
oxygen bonding configurations, due to the broadness of thized by a rapid and linear Oincrease during the first 0.06 L,
bands. To access specific oxygen configurations, we havellowed by a slow and nonlinear increase afterwdiiig).

B. Photon stimulated desorption of ions
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T T T recorded after the 0.5 L oxygen exposure, whereas only a
. step edge at about 100 eV is observed in the 0.05 L exposure

@ spectrum.

100

400 C. Discussion

Let us first concentrate on the low temperat(5® K)
results. In the low exposure ran¢€0.06 L), the O" photo-
desorption has evidenced a single adsorption configuration
(adsorption of a single ©molecule at a given surface site
characterized by a nonresonant yield. This single adsorption
configuration is not observed at 300[Kee Fig. 8d)]. This
means that a metastable species able to give rise tpho-
todesorption with a nonresonant yield is formed by adsorp-
tion of a single oxygen molecule at 50 K. This metastable

50

0.05L |
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0" Intensity (counts/s)
(=]
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-

T=50 K T=300 K species is unstable during oxygen adsorption at 300 K, and
may therefore be considered as a precursor of the molecular

. . . 0 ) ) | adsorption. Since it gives rise to*Oion desorption, this
100 110 120 100 110 120 precursor species is expected to have at least one oxygen

atom in the ad position, that is to say on top of a silicon
surface atom, according to our previous studies on the ad-
FIG. 4. O ion yield at 50 K(a) and 300 K(b) as a function of ~ SOrption of Q on Si111) 7X7 (Ref. 23. The fact that pho-
photon energy. The Ospectra were recorded after a 0.05 and 0.5 Ltodesorbed ion species originate preferentially from on top
oxygen exposures at 50 ) and 1 and 5 L oxygen exposures at adsorption sites rather than from subsurface sites is an im-
300 K (b). portant feature of the ion photodesorption method. It is well
known indeed that monovalent species such as fluorine and
3(a)]. By contrast, at room temperature the” @ield in-  chlorine atoms desorb much more efficiently than divalent
creases quadratically in the 0—1 L rar{gég. 3(c)]. We em-  (oxygen and trivalent(nitrogen species. Monovalent spe-
phasize here that a linear increase of thé €gnal with  cies are expected to be adsorbed mainly on top positions,
oxygen exposure indicates that thé @n desorption is is- whereas divalent and trivalent species are expected to be
sued from a surface site produced by the adsorption of adsorbed as subsurface species. This very high sensitivity of
single molecule whereas a quadratic increase indicates th#te ion desorption signal to species adsorbed on top position
O" ion desorption originates from the adsorption of twois one of the main advantages for using the ion desorption
oxygen molecules at the same surface Sit€his is valid  method to probe specific surface sites.
whatever the adsorbed molec{destay intact as a molecule The exact nature of the oxygen precursor species is, how-
or dissociate upon adsorption. These results show that thever, difficult to deduce. The physisorbed @olecules seem
initial oxygen molecules adsorbs differently at 50 and 300 K:to be unstable on the silicon surface under our experimental
at 50 K, after adsorption of a single molecule there is at leastonditions =50 K) since they were found to desorb al-
one oxygen atom in the ad position, while at 300 K the twoready at about 35 KRef. 15. Thus the precursor species
oxygen atoms of the molecule are in the backbonds. To gatbserved at 50 K should be a chemisorbed precursor. The
more insight into the adsorption configurations revealed byjuestion is whether the oxygen precursor is a weakly chemi-
the presence of O photodesorbed ions, we recorded, in sorbed Q@ molecule or a dissociated ,Qnolecule (one O
separate experiments, the photon-stimulated desorption spesttom in the ad position and the other one in the Si back
tra of O" ions as a function of the photon energee mode bond. The UPS data cannot help to clarify the exact nature
Il described in Sec. )lafter a certain amount of oxygen has of the oxygen precursor: no characteristic band has been ob-
been adsorbed on the surface. Figures and 4b) show the  served at low temperature and low exposure in the observed
O" desorption yield as a function of the photon energy at 5inding energy range from 0 up to 11 eV. As we did not
and 300 K, respectively. The room temperature d&tig. observe any @ photodesorption, we can argue that the pre-
4(b)] have a too poor statistics to enable a comparison becursor is not a chemisorbed molecule. Indeed, after NO ad-
tween low(1 L) and high(5 L) exposures. In the case of the sorption on the $i11) 7X 7 surface at low temperatufg0
low temperature adsorptidiFig. 4@)] the PSD O spectra  K) and low exposur€0.5 L), NO* ions have been observed
were recorded at two oxygen exposures: 0.Qflthe linear  to desort?> However, here we cannot exclude that the pre-
part of the O yield versus exposure in Fig(8] and 0.5 L  cursor is a chemisorbed molecule even though we do not
[in the nonlinear part of the Oyield versus exposure in Fig. detect any @ desorbed ion. Indeed such a chemisorbed
3(a)]. These oxygen exposures were chosen such as to accasslecule could well dissociate during the ion desorption pro-
the difference in the oxygen bondird it exists) throughout  cess. Therefore, we cannot distinguish here between two pos-
the exposure. As evidenced in Figay the two curves are sible configurations of the precursor, namely, a chemisorbed
quite different. Distinct resonances located at photon enemolecule or a dissociated molecule with an oxygen on top of
gies of 108 and 115 eV appear in the PSD ©n spectrum  the Si surface and the other one in the Si back bond. We note

Photon Energy(eV) Photon Energy (eV)
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that this result is apparently compatible with those of Securve in Fig. 3c) indicates that the ion desorption is issued
et al*® who observed an increase of the work-function whenfrom the adsorption of two oxygen molecuféshis result is
adsorbing @ at low temperature. Seet al® proposed a Very similar to what has been observed in the room tempera-
chemisorbed molecule configuration for the precursor alture adsorption of oxygen on@L1) 7Xx7 (Ref. 23. There-
though the dissociated molecule configuration with an oxyfore, like in this latter case, one can derive here that the
gen atom on top position would also fit well with their data. @dsorption of a single oxygen molecule on a given surface
However, due to the different sensitivities of the ion desorp-Sité is mainly dissociative with the two oxygen atoms being
tion method used here and the work function method used b§dsorbed into the silicon back bondso ion desorption
Seoet al, ' it seems that the precursor species detected hefdhereas the adsorption of a second oxygen molecule on the
are different from the metastable molecular species of RefS@Me site should produce at least one oxygen on top of the
16. Indeed, at 50 K, we observed a saturation of the O Silicon atom(producing ion desorption However, the oxy-
intensity due to the precursor species at an oxygen exposuf€n adsorption on the @00 surface is somewhat different
as low as 0.06 L, whereas the saturation of the work functiodom that on the Si11) surface. As previously mentioned,
change due to the precursors in Ref. 15 occurs at muchéveral STM studllgs of the oxidation of (800 2x1 at
higher oxygen exposures of 1 L. Similarly the existence of00M temperaturé®have evidenced that the initial oxygen
metastable oxygen species between 35 and 90 K has be@fsorption appears Iocah;ed at defect sites, and particularly
inferred by Silvestre and Shaeyedafrom high radiation at' the C-type defects. This was gnderstoqd as follows. The
electron energy loss spectroscopy and work function mea2i(100 2Xx1 surface has a semiconductive character and
surements. However, again only high oxygen expos(Bes there_fore the well-reconstructed areas of the surface are not
L) regimes have been investigated in this latter work. Thdeactive. On the contrary, the. defects, and particularly the
ion desorption method that we have used in the present worlyPe-C defects, have a metallic character and therefore are
is a very surface sensitive method. It has enabled us to prot@sily oxidized. It has been further observed, by S}FN/F

a very low oxygen exposure regime which is markedly dif-that this initial oxidation modifies the neighbor Si dimers

ferent from high oxygen exposure regimes previoustWhiCh in turn become reactive to oxygen and _have a ten-
studied?s-16 dency to form a cluster. It follows that many different ad-

It is striking to note that the rapid increase of the O Sorption sites of oxygen most probably exist on thel &)

desorption yield at 50 KFig. 3(a)] saturates at anQexpo-  Surface at various oxygen exposures.

sure of about 0.06 L, which has been found to correspond to W€ note that our observation of an oxygen precursor on
an O, coverage of about 6%. This indicates that, in this lowt® S{100 surface at low temperature is quite compatible

temperature regime, the oxygen sticking coefficient is unity.With the metastable silanone intermediate observed at low

This percentagé6%) coincides with the mean value of pro- (€mperature by infrared-absorption measurementdow-

portion of type C defects, which are usually found ofL80) ever, the oxygen precursor is observed here at very .Iow oXy-
2% 1 surface€® It follows that the initial oxygen adsorption 9€N €xposur&<0.06 L) whereas the metastable silanone

most probably starts at type C defe@ss observed at room intermediaté® has been detected at a much higher oxygen
temperaturé’® although the oxygen adsorption configura- €XPoSure(15-80 L). Therefore, it may well be completely
tions are different at low temperature and room temperaturélifférent oxidation sites observed in both experiments.
It is interesting to note that even though the @olecules
adsorb at defect sites, tigg andS, surface states intensities
seem to have decreased already after aexposure of 0.05 Molecular oxygen adsorption on the clear(180 2x1
L [Figs. X&) and 2a)]. This is most probably due to the fact surface has been compared at low temperature and room
that the oxygen adsorption on the defects sites modifies themperature in the low exposure regime. Valence band elec-
character of the neighboring dimers, which become metallitron photoemission spectra recorded as a function of oxygen
and therefore no longer contribute to tBeandS, bands*® exposure show that the efficiency of the adsorption is much
When the oxygen exposure is higher than 0.06 L, the convekigher at low temperature than at 300 K. lon photodesorption
shape of the O ion yield [Fig. 3@)] indicates that the ion studies have evidenced the presence of an oxygen precursor
desorption originates from the adsorption of two oxygenconfiguration at 50 K, which does not exist at 300 K. The
molecules adsorbed at the same surface site. Since the carxygen precursor at 50 K most probably results from the
responding O yield as a function of the photon energfyig.  adsorption of an © molecule on a type-C defect of the
4(a)] shows the characteristic resonances at 108 and 115 e%j(100 2x 1 surface. It is considered that the @olecule
one can infer that these two molecules adsorption sites hawsther weakly chemisorbs, or dissociates upon adsorption on
a structure similar to the ones in silica as it has been obthe surface at 50 K with a penetration of only one O atom
served in the case of the adsorption of @ Si111) 7X7 into the silicon back bonds, the other O atom being in the ad
(Ref. 23. position. On the contrary, at 300 K, a more stable configura-
As seen in Fig. 3, the O ion desorption is markedly tion is inferred where the Pmolecule dissociates and both
different at 300 K as compared to 50 K. The convex ion yieldO atoms penetrate into silicon back bonds.

IV. CONCLUSION
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