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Early stages of the alkali-metal-promoted oxidation of silicon
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We have studied the potassium- and cesium-promoted oxidation of Si(100)2&(1 with photoelec-
tron and Auger-electron spectroscopies in the range of submonolayer alkali-metal-atom coverages.
The alkali-metal atoms efficiently promote the oxidation of silicon. Our results demonstrate that
there are two oxygen species on the surface during the oxidation reaction: oxygen atoms which are
bonded to potassium from the very beginning of the process and oxygen atoms bonded to silicon.
These two oxygen species are detected in core level 0 1s and in valence-band photoemission spectra.
Oxygen is transferred from K to Si, and this process is thermally activated and its efficiency is in-

creased by heating the substrate. To explain these results we propose a model based on the decrease
of local work function produced by potassium, which reduces the activation barrier for oxygen dis-
sociation. Oxygen reacts with potassium, forming a potassium oxide which efficiently transfers oxy-

gen to silicon.

I. INTRODUCTION

The preeminence of silicon in modern microelectronics
is based on the quality of the Si02-Si interface which is
atomically abrupt, with less than one defect site per
10 —10 interfacial bonds. During formation of the
Si02-Si interface the electrically active sites are almost
completely removed. ' The aim of understanding and
controlling this process has made the oxidation of silicon
a subject of permanent interest in the last years.

The oxidation of single crystals of silicon is a diScult
process. The rate-limiting step seems to be the trapping
and dissociation of 02 molecules. Thus, high oxygen
pressures and elevated temperatures are required to speed
the reaction.

It has been recently observed that the oxidation rate of
silicon can be enhanced by many orders of magnitude by
the presence of metals at the surface. Problems of
chemical reaction between silicon and most of the metal
catalysts can be overcome by the use of alkali metals as
oxidation promoters. ' Thus, an adlayer of Na, K, or
Cs deposited on the surface, which enhances the oxida-
tion rate of silicon up to 10 —10 times, can be removed
from the surface by mild heating of the substrate to about
900 K. However, the role played by the alkali metal in
the promotion, i.e., the oxidation mechanism, is currently
a matter of controversy. For instance, it has been pro-
posed that the oxidation rate is enhanced by dissociation
of Oz molecules due to the average metal-silicon dipole
moment. In order to justify the maintenance of the cata-
lytic behavior upon substrate oxidation, it has been ar-
gued that the metal-silicon surface dipole is replaced by
an equally effective metal-oxygen surface dipole. We
have already shown that this assumption is not supported
by experimental results on the Cs-promoted oxidation of
silicon, because the average work function actually in-
creases above its level for a Cs-covered surface, for Oz ex-

posures larger than 0.8 L (1 L—:10 Torr sec). ' We will
present here analogous experimental evidence for such a
behavior in K- and Cs-covered Si(100)2X l. On the other
hand, a mechanism based on the trapping of oxygen mol-
ecules by the alkali-metal film and their transfer to the
substrate upon annealing has been proposed for the mul-
tilayer adsorption case. '

In this work we present measurements of the silicon-
promoted oxidation by the alkali metals potassium and
cesium. Our measurements cover the range from less
than one monolayer (ML) coverage to the multilayer re-
gime. We found the existence of two different oxidation
regimes depending on metal coverage, which we attribute
to the predominance of two different mechanisms. In the
low-coverage regime, the alkali-metal adatoms, bonded to
oxygen, act as an eScient promoter of the silicon oxida-
tion. Oxygen is transferred to silicon with a temperature-
dependent rate. Both alkali metals behave in essentially
the same way, although with different efticiency. On the
basis of the experimental data we propose a mechanism
with strongly local character.

II. EXPERIMENTAL

The measurements have been carried out in two
different chambers already described. ' '

Briefly, the
first contains a four-grid low-energy electron diffraction
(LEED) optics, a cylindrical mirror analyzer (CMA) for
Auger-electron spectroscopy (AES), and a Kelvin probe
to measure work-function changes. In the second
chamber, ultraviolet-photoelectron spectroscopy (UPS)
was carried out with a He-discharge lamp (h v=21.2 eV),
and x-ray photoelectron spectroscopy (XPS) with a Mg
Ka x-ray source (h v= 1253.6 eV). Spectra were taken in
the constant resolution mode of the analyzer, at a pass
energy of 5 eV for UPS and 50 eV for XPS. The photo-
emission intensities were reproducible within 10%. The
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base pressure in both chambers was in the low 10 ' Torr
range, even during potassium deposition. Auger elec-
trons were excited with a 1.8 keV, 5 JMA electron beam.
The electron current was kept as low as possible, and was
maintained on the target only during measurements in
order to minimize electron-bombardment-induced effects.
The Si(100) sample, cut from a commercial wafer (n

doped type, 30—50 0 cm), was fixed on a tungsten wire by
means of another tantalum wire. Temperature was mea-
sured by means of a Chromel-Alumel thermocouple, spot
welded to the tantalum wire. Silicon was cleaned
through cycles of 1.5 keV Ar+ bombardment and anneal-

ing to 1100 K. Temperature was slowly reduced, and
after these treatments the sample regularly showed a
clear 2)& 1 LEED pattern. Carbon contamination on the
surface was always below an AES intensity ratio less than—„', for the Auger peaks of C (at a kinetic energy of 272
eV) and of Si (at a kinetic energy of 92 eV), and no other
contaminants could be detected. The alkali metal was de-
posited from commercially available dispensers (SAES
Getters). Alkali-metal-atom coverages were determined
from the Auger peak-to-peak intensity in the first
chamber' and from the area of the K 2p and the attenua-
tion of the Si 2p levels in the second one. A complete
monolayer of K will be defined in this work as 6.78' 10'
atoms/cm, i.e., a 1:1 relationship with the atomic densi-

ty of the Si(100)2X I surface.

III. RESULTS

per silicon surface atom is calculated (left-hand scale),
following a procedure developed in Ref. 17. The data
presented here are in excellent agreement with previous
reports and illustrate the two stages (fast and slow) of oxi-
dation of silicon surfaces as described by many other au-
thors. '

In Fig. 2, XPS 0 1s core-level spectra are shown for in-
creasing 02 exposures at 100 and 300 K. At both tem-
peratures the adsorption is dissociative, and the 0 1s
binding energy (BE) at 532.0 eV below the Fermi energy
(FF) is typical for bonds between atomic oxygen and sil-
icon. The uptake is only moderate.

B. Oxidation of K-covered silicon

We have shown previously that when K is deposited on
the Si(100) surface, the kinetics of adsorption of oxygen is
enhanced by a factor of 10 (in terms of oxygen exposure)
with respect to the clean Si surface. ' Upon annealing to
900 K, the alkali-metal adatoms are removed from the
surface, leaving behind a Si02 film on the Si substrate
whose thickness depends linearly on the K coverage pre-
viously deposited. Quantitative experimental evidence
was presented for the range of K coverages above 1

ML. ' '"
The mechanism responsible for the alkali-metal-

promoted oxidation of silicon at alkali-metal-atom cover-
ages larger than 1 ML has already been described in de-

A. Oxidation of clean silicon I I I I I I I I I I

In order to compare with the oxidation of the alkali-
metal-covered substrate, the oxygen uptake by the clean
Si(100)2X 1 surface at 700 K as a function of the 02 expo-
sure has been measured, and is depicted in Fig. 1 in terms
of the intensity ratio of the Auger peaks 05&2 and Sig2.
From these ratios, the number of oxygen atoms adsorbed
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FIG. 1. Oxygen uptake at 700 K as measured by AES inten-
sities (right-hand scale) for a clean Si(100) surface. The uptake
is also given in number of oxygen atoms per Si surface atom, fol-
lowing a procedure described in Ref. 17. The dots represent
subsequent 02 exposures while the crosses correspond to single
exposures.

FIG. 2. 0 1s XPS spectra for increasing 02 exposures on a
clean Si(100) surface. Only one peak (denoted as 3) can be ob-
served, and corresponds to atomic oxygen bonded to silicon.
The temperature of the sample is 300 K for curves a —c and 110
K for curves d f The oxygen exposures a—re. (a) 10 L, (b) 10' L,
(c) 10 L, (d) 1 L, (e) 10 L, and (f) 10 L.
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tail. "' It can be summarized as follows: the impinging
oxygen molecules react with the thick alkali-metal film

(grown at 110 K), forming potassium oxides. For sequen-
tial deposition at low temperature, a thick K20z layer can
be formed, with a surface KO2 layer on it. This process
does not affect the silicon substrate, until the temperature
is raised sufficiently for an oxygen transfer to the silicon.
During such a thermal-annealing procedure the K disap-
pears in the photoemission signal and the silicon surface
rs oxsd&zed.

In the following we will present the results of oxidation
of a Si(100)2X1 substrate by K deposition, Oz exposure
and annealing, at K coverages below 1.5 ML, which indi-
cate that a different mechanism is operating at submono-
layer alkali-metal coverages. In Fig. 3 the ratio between
Auger intensities corresponding to Sioux (at a kinetic ener-

gy of 75 eV) and Si (at 92 eV) after the oxidation process
is shown as a function of the K coverage. For each point,
after the calibrated evaporation of K (Ref. 16) on the
clean Si(100)2X 1 surface, the sample is exposed either to
200 or to 2000 L of oxygen, and heated afterwards to 900
K in order to remove the potassium atoms. Although at
these oxygen exposures full saturation was not achieved,
there is no significant difference between the two types of
points in Fig. 3. Two different behaviors are evident
above and below a K coverage around one monolayer.
The simple attenuation of the clean Si AES peak by the
growing Si02 layer cannot explain quantitatively the sud-

den change in the slope. Actually, the data begin to devi-
ate from the initial linear proportionality between Si02
production and K coverage at coverages above 0.6 ML,
reaching a second linear region with a much larger slope
that coincides with that already published for K multilay-
ers." We propose that these two different slopes ob-
served upon increasing the alkali-metal coverage reflect
two different oxidation mechanisms, the transition from
one to the other being related to the formation of metallic
K on the surface. In the rest of this work we will concen-
trate on the oxidation process for submonolayer K cover-
ages.

1. Identification of two oxygen species at 0» & 0.5 Ml.

It should be noted first that the adsorption of oxygen
on a Si surface partially covered with K produces two
different oxygen species, due to bonds either with Si or
with K. Figure 4 shows two representative series of XPS
spectra corresponding to increasing 02 exposures for 0.30
and 0.45 ML of potassium, at room temperature and 110
K, respectively. Two 0 1s peaks are present in both
series, peak A at a BE of 532.0 eV and peak B at a BE of
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FIG. 3. Amount of Si02 produced as given by the intensity
ratio of the AES peaks of Si at 75 and 92 eV kinetic energy (cor-
responding to Si02 and Si, respectively). Each dot represents a
measurement of AES intensities after K deposition, 02 expo-
sure, and annealing to 900 K as a function of the initial K cov-
erage. The solid dots correspond to 2000 L Oz exposure while
the open dots have been obtained with 200 L 02 exposure. The
continuous line is a guide to the eye.

FIG. 4. 0 1s XPS spectra for increasing 02 exposure on
Si(100) surfaces partially covered with K. In curves a —c the
temperature is 300 K and 0K ——0.45 ML. The oxygen exposures
are (a) 10 L, (b) 10 L, and (c) 10 L. In curves d f, the temper-—
ature is 110 K and 0~=0.35 ML. The exposures are (d) 1 L; (e)
10 L, and (f) 10 L. Two atomic oxygen species are observed.
Oxygen bonded to silicon is denoted A while the one bonded to
potassium is designated as 8. Vertical scale is the same for all
the spectra.
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530.1 eV. At 300 K only peak A grows with increasing
oxygen exposure, while peak B is already saturated at the
lowest exposure presented here (10 L). In contrast, at 110
K both peaks are almost saturated at 1 L of Oz exposure,
and do not grow noticeably upon subsequent oxygen ex-
posure.

Oxygen atoms bonded to potassium should be charged
more negatively than those bonded to silicon, because of
the larger charge transfer from potassium to oxygen. Ac-
cordingly, the 0 Is signal at lower BE (peak 8) is tenta-
tively identified as atomic oxygen bonded to K, while the
species at higher BE (peak A), which appears at the same
BE as oxygen atoms adsorbed on clean silicon (see Fig. 2),
is ascribed to atomic oxygen bonded to silicon. Further
support for this identification comes from the intensity
behavior of both 0 1s signals with K coverage, as will be
discussed in the following.

Figures 5 and 6 show selected XPS and UPS spectra
taken for increasing potassium coverages at the same ox-
ygen exposure (10 L). Both series have been taken at 110
K. The 0 1s XPS spectrum for 0.15 ML shows again two
peaks at BE of and 531.9 eV (denoted as A) and 530.0 eV
(denoted as 8). For higher K coverages (e.g. , at 6)K=0.55
ML), peak 8 assigned to atomic oxygen bonded to K is
proportionally larger. This proportionality can be ob-
served also in Fig. 4: the almost saturated emission B is
more intense at 300 K due to the higher K coverage in
this case. The UPS series corresponding to the XPS
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FIG. 6. Series of UPS spectra corresponding to the same con-
ditions as in Fig. 5. The Si(100) surface was covered with

different amounts of potassium, and subsequently exposed to 10
L of 02 at 110 K. The coverages are, as indicated in the figure,
(a) clean Si(100), (b) 0.15 ML, (c) 0.55 ML, and (d) 0.65 ML.
Peaks A and B correspond to the lines marked A and B in the 0
1s spectra of Fig. 5, respectively, while peaks C, D, and E corre-
spond to the 0 1s feature at C. Vertical scale is the same for all

the spectra.

Vl

C

C3

0

(7I

LU

Z'.

CL

I I t I t 1 t t t I I

A B
I

eK(ML)
e ~

C

~1'

p A~ ~ ~

T =110K

10L 02

0.65 "'

0.55 -".-.: '-'"

clean-'. --
e~l

V

I i t i I I i I I i

537 535 533 531 529 527

series of Fig. 5 is presented in Fig. 6. For 0.15 ML of K,
the UPS spectrum shows t~o 0 2p emissions at BE of 7.1

eV (denoted as A) and 5.0 eV (denoted as 8). Peak A has
about the same BE as the main peak in the spectrum of
oxygen on clean silicon (also plotted in Fig. 6). Emission
8 grows (for constant oxygen exposure) with increasing
K coverage. Thus, peaks A and 8 in the UPS spectra
may be identified in a similar way as the 0 1s peaks: the
one at lower binding energy (8) corresponds to the 0 2p
level of atomic oxygen bonded to potassium in agreement
with previous data for oxygen chemisorbed on alkali-
metal-covered metallic surfaces. ' and the one at higher
binding energy ( A ) to the 0 2p level of oxygen bonded to
silicon. It should be noted that the existence of two oxy-
gen species could not be concluded in previous works '
due to the lack of 0 ls spectra, although valence-band
data presented in Ref. 9 and 15 clearly show two 0 2p-
derived peaks in the UPS spectra.

BINDING ENERGY (eV)

FIG. 5. 0 1s XPS spectra taken for different K coverages on
a Si(100) surface after subsequent exposure to 10 L of O. , at 110
K. The curves correspond to (a) clean Si(100). (b) 0„=0.15
ML, (c) 0~=0.55 ML, and (d) 0„=0.65 ML. Peak 3 corre-
sponds to oxygen bonded to Si and peak B to oxygen bonded to
K. Peak C signals the formation of KO2 which is found at K
coverages larger than 0.5 ML. Vertical scale is the same for all
the spectra. The shifts in binding energies are probably related
to changes in the location of the species within the surface di-

pole.

2. Transition to a second regime at 0& & 0.5 ML

In Fig. 5 we also display photoelectron spectra at
OK ~0.5 ML showing the appearance of a different K-0
species, which may be associated to the transition from
the first linear regime in Fig. 3 to the alkali-metal-
multilayer regime described elsewhere. "' We note that
for 0&&0.5 ML, when the K rows on the Si(100)2X I
surface have been completed and the surface becomes me-
tallic, ' a new 0 Is emission at a BE of 534.3 eV (peak C)
appears, growing in intensity with increasing K coverage
and dominating at large K coverage. This peak C can be
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assigned to KOz based on the following facts: (1) An 0
1s emission with a similar BE of 534.0 eV has also been
observed in thick KOz layers grown by codeposition of K
and Oz,

' and (2) during the oxidation of metallic Cs,
Cs02 has been identified by peaks in the UPS spectrum at
a BE of 10.7, 8.5, 5.8, and 4.7 eV below EF (Refs. 18 and
20—22) in excellent agreement with features C (10.5 eV),
D (8.0 eV), and E (5.8 eV) in our data. The peak at 4.7
eV overlaps with peak B, characteristic of the lower cov-
erage regime, giving rise to the strong emission at a BE of
5 eV. Finally it should be mentioned that peak G at 2.8
eV below EF, which is only observed at OK &0.5 ML,
reflects the presence of a small amount of 0 ions (i.e.,
K20) at the surface, as found for the oxidation of thick
metallic Cs (Refs. 18, 21, and 22) and K films. " 02 ion
is characterized by emissions at a BE of 2.7, 4.4, and 5.4
eV in the case of CszO." ' In our case, only the more
intense emission (at 2.8 eV) is observed. KzO does not

play a significant role in the oxidation of Si for OK &0.5

ML. At these low coverages, the promoter role is taken
by the potassium bonded to oxygen atoms (species denot-
ed as B).

C. Influence of the temperature in the transfer
of oxygen from potassium to silicon

Our identification of two oxygen species present during
the oxidation of Si at submonolayer coverages of K al-
lows us to follow the kinetic evolution of the reaction.
We propose that in this coverage range the oxidation re-
action proceeds by dissociation of oxygen molecules at K
sites (to be demonstrated elsewhere ), bonding of oxygen
to K (producing mostly the B species), and a partial
transfer of oxygen from K to Si, the latter being strongly
temperature dependent as will be demonstrated in the fol-
lowing.

The 0 1s spectra in Fig. 4 show that, at 300 K, the
emission corresponding to oxygen bonded to silicon ( A )

grows continuously with 02 exposure, indicating that the
Si substrate is oxidized with a much larger rate than
without K. The enhancement of the oxygen uptake in
K-covered silicon can be directly estimated from the area
of the 0 is peak (a) in Fig. 4, which is twice as large (for
an 02 exposure to 10 L at room temperature) as the one
obtained for clean silicon at 10 L [see Fig. 2(c)], display-
ing an enhancement factor of 10 in terms of the kinetics
mentioned above. The transfer process can be frozen by
cooling down the sample as shown by comparison of the
data taken at 110 K and room temperature (see Fig. 4),
both in amount of oxygen uptake and transfer of oxygen
from potassium to silicon. Although both oxygen species
are present in both cases, the intensity of the signal from
oxygen bonded to silicon (3) does not increase signifi-
cantly with exposure for the lower temperature, indicat-
ing that the oxidation process of the substrate is limited
by a thermal barrier that cannot be overcome at 110K.

The existence of oxygen bonded to alkali-metal atoms
that can be transferred to Si is directly proven by the ob-
served increase in the amount of Si02 present on the sur-
face upon thermal treatment. If a silicon surface covered
with a certain amount of an alkali metal and exposed to a
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FIG. 7. Growth of SiOz (solid dots) and disappearance of the
Cs signal (open dots), as given by AES intensity ratios, during
thermal annealing of a Si(100) surface, covered with 0.55 ML of
Cs, exposed to 400 L of 02 at 300 K and subsequently annealed
for 2 min at each (increasing) temperature.

given oxygen dose is thermally annealed, the photoemis-
sion signal from the alkali-metal core levels disappears,
while the signal from the silicon oxide simultaneously in-
creases. This is illustrated in Fig. 7 for a Cs coverage of
0.55 ML and a subsequent 02 exposure of 400 L by
means of the corresponding AES peak height variations
versus substrate temperature. An additional oxidation of
the silicon crystal during annealing has already been re-
ported, ' '" but was not properly associated to previously
alkali-metal-bonded oxygen transferred to the silicon sub-
strate. This point is proven in Figs. 8 and 9 where the
evolution of both 0 1s peaks and UPS spectra during an-
nealing is shown. The disappearance of the 0 ls signals
related to oxygen bonded to K, at BE of 534.3 and 530.0
eV, respectively, results in an intensity increase of the
peak related to silicon oxide, which is shifted to higher
BE with increasing temperature (i.e., decreasing K con-
tent). At 550 K the process of K elimination and transfer
of oxygen is not yet finished, and a small amount of K-
bonded oxygen still remains on the surface. By compar-
ing the total 0 1s area before and after annealing it is
concluded that the transfer of oxygen from K to Si is al-
most complete. The UPS spectra corresponding to this
process are shown in Fig. 9. The emission B, ascribed to
K-bonded atomic oxygen, decreases in intensity and
shifts to higher BE, while the peaks at 7.5 and 11.5 eV
below EF, characteristic for silicon dioxide ' grow
simultaneously.

At 300 K there is an oxygen transfer from potassium to
silicon (from oxygen species B to oxygen A). There is al-
ways, however, a certain amount of oxygen bonded to K
that can be transferred to Si by annealing. This is
demonstrated in Fig. 10, where the amount of Si02 pro-
duced at 300 K, as given by the Si75/Si92 AES intensity
ratio, is shown as a function of the Oz exposure (in loga-
rithmic scale), for 8&——0.7 ML. Annealing of a given
sample to 900 K results in an oxygen transfer from K to
Si producing further Si02 as shown by the arrows in the
figure, and the complete elimination of the potassium
Auger LMM signal. Although the total amount of SiOz
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depends on the oxygen exposure, the additional oxide
produced upon heating is almost independent of the oxy-
gen exposure, indicating (I), that the K adlayer is already
saturated with oxygen at the lowest oxygen exposure
presented here, and (2), that this K-bonded oxygen is
transferred to silicon upon heating.

Finally, it should be mentioned that the oxidation pro-
cedure described above (alkali-metal deposition, oxygen
exposure, and anneahng) can be repeated as illustrated in
Fig. 11, where the resulting amounts of SiO&, as given by
AES intensities, have been plotted as a function of the

FIG. 10. Ratio of intensities of the AES peaks for Si02 (at 75
eV) and Si (at 92 eV) as a function of the 02 exposure (in loga-
rithmic scale) for 0.7 ML of K deposited on Si(100) at 300 K.
The arrows indicate the increase in the amount of oxide pro-
duced if the respective sample is heated to 900 K, which results
in complete disappearance of the K signal ~ The absolute in-
crease in the amount of SiOz produced is almost constant, in-

dependently of the oxygen exposure, for the range presented
here.
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FIG. 9. Series of UPS spectra corresponding to the XPS data
of Fig. 8. The surface was covered with 0.65 ML of K and ex-
pressed to 10 L of 02 and subsequently annealed to increasing
temperatures. The transfer of oxygen from the B species to the

species takes place with increasing temperature. Vertical
scale is the same for all the spectra.

FIG. 11. Amount of silicon dioxide produced (as given by the
corresponding AES intensity) as a function of the number of cy-
cles. One cycle consists of K deposition (0.68 ML), 0& exposure
(200 L), and annealing (3 min to 900 K). The triangles represent
data for K. Solid dots represent the results of similar cycles
(0.55 ML, 200 L of 02, 3 min annealing to 900 K) for Cs. The
effectiveness of this oxidation process is slightly larger for K
than for Cs when a relatively thick Si02 layer is present.
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number of cycles both for the cases of K and Cs on
Si(100). In the case of K each cycle consists in a K depo-
sition of 0.68 ML, subsequent oxygen exposure of 200 L,
and annealing to 900 K for 3 min. For the case of cesi-
um, 0.5 ML were deposited and subsequently exposed to
200 L of Oz and annealed at 900 K for 3 min. The data
show an almost linear increase of the SiOz signal with the
number of cycles, but in this case, and once the oxide lay-
er is thick enough, the transfer of oxygen from K to Si
should take place mainly during the annealing. The re-
sults shown in Fig. 11 confirm the overall similarity in
the behavior of the different alkali metals, except for a
slightly lower efficiency for cesium as compared to potas-
sium after the first few cycles.

IV. DISCUSSION

We propose the the following model to explain the ex-
perimental results, based on the assumption that the
chemisorption of oxygen on a Si(100)2&(1 surface is limit-
ed by the instantaneous formation of 02 ions. To this

end, charge must be transferred from the Si substrate into
the empty levels of the 02 molecule. It was proposed
that this charge transfer is favored by the average work-
function decrease produced by K deposition, which is as-
sumed not to change upon 02 adsorption. This mecha-
nism should produce a strong nonlocal promoter effect.
In Fig. 12 we show the work-function changes induced by
oxygen adsorption on clean and K-covered Si(100) sur-
faces. For sufficiently high oxygen exposures, the average
work function increases in all cases, i.e., the surface di-

pole decreases after oxygen adsorption. For K coverages
below 0.5 ML the average work function increases upon
adsorption of oxygen above its value (which depends on
the potassium coverage of the surface). On the other
hand, at 0& & 0.5 ML an additional decrease of the aver-

age work function is observed for 02 exposures below 0.2
L. At exposures larger than 1 L the average work func-
tion increases by 1.5 eV above its initial value on a K-
covered surface. This behavior is typical for thick alkali-

1.2-

-0.2

FIG. 12. Work-function changes measured by a Kelvin
probe, produced by 0, adsorption on Si(100) surfaces at 300 K,
previously covered with K, as a function of 02 exposure. The
data points correspond to clean surface, 0.20 ML, 0.55 ML, and
1.5 ML. Note that the initial value of the work function (prior
to oxygen exposure) depends on the respective value of OK.

metal films, and has been attributed in this case to the ex-
istence of oxygen ions below the last atomic layer of
alkali-metal atoms. ' It has been observed as well for the
case of Cs/Si(100)2X1, ' where it was also attributed to
the formation of oxygen ions below the metallic cesium
layer. As in that case, the K-Si surface dipole is not re-
placed by an equally large K-0 surface dipole, as has
been proposed. ' However, recent photoemission of ad-
sorbed xenon (PAX) measurements in this system show
that upon submonolayer deposition of potassium the
work function of the surface is reduced locally around the
potassium adatoms. The lowering of the vacuum level
around the K adatoms therefore may enhance the charge
transfer via electron tunneling from the K-covered sub-
strate to the empty levels of oxygen molecules resulting in

increased formation of Oz ions. As a result, the dissoci-
ation rate should increase due to the presence of K ada-
toms because less energy is required to dissociate an 02
ion (3.8 eV) than to break the 02 molecule (5.2 eV), thus
reducing the activation barrier for the observed oxygen
dissociation. This type of mechanism has a local charac-
ter, at least at low K coverages where adsorbed K atoms
do not interact with each other, which is expected for
0~ g0. 5 ML. An experimental differentiation between
the promotion effect due to local versus nonlocal mecha-
nisms usually depends on the linearity of the measured
relationship between reaction rate and the amount of the
promoter (K coverage). Only for local mechanisms a
linear behavior may be expected. On the basis of the
present data it is difficult to settle this question. Howev-
er, the clear linear relationship between the total amount
of oxide grown and the coverage of potassium (see Fig. 3)
supports a model assuming a strongly local character. It
should also be mentioned that for oxygen on Cs-covered
Si(111)7)&7, the initial sticking coefficient increases al-
most linearly with the Cs coverage further pointing to a
local mechanism. Additional work is required to clarify
this issue.

After dissociation, some oxygen atoms remain bonded
to potassium while other oxygen atoms diffuse away from
the potassium sites and become trapped at clean patches
of the silicon surfaces, giving rise to the two oxygen
species 3 and 8 identified in this work with both UPS
and XPS.

The temperature dependence of the oxidation rate is
attributed to the freezing of the diffusion of oxygen atoms
from the potassium sites to the patches of clean silicon
taking place as the temperature is lowered. In this case,
also the intensity ratio between the two oxygen species is
frozen, and remains constant at a value corresponding to
a higher percentage of oxygen bonded to potassium than
to silicon (Fig. 4). Upon heating, the transfer process is
accelerated and an increasing amount of K-bonded oxy-
gen is transferred to silicon resulting in an increase in
substrate oxidation.

For alkali-metal coverages above 0.5 ML (completion
of the alkali-metal rows on the Si(100)2X1 surface), the
average work function of the surface increases with K
coverage, ' and metallization of the surface takes place. '

Thus, an impinging Oz molecule interacts with a metallic
K layer and a potassium oxide of well-defined composi-
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tion (like the one of the bulk oxide) is produced. When
the initial K film is thick enough (which requires low sub-
strate temperatures), the oxygen is trapped by the alkali-
metal film by forming an oxide, and thermal annealing is
required to produce oxidation of the Si substrate. The
different oxidation mechanism explains well the transi-
tion to the second oxidation regime in Fig. 3. As shown
in these data, above 0~=0.5 ML the transition from the
first to the second oxidation regime begins in close rela-
tionship with the presence of the KO2 species, which

plays a relevant role in the promoted oxidation at higher
K coverages. '

V. CONCLUSIONS

The experimental data presented here indicate the fol-
lowing points.

(i) The presence of K on the surface of Si(100) strongly
enhances the oxidation of the substrate.

(ii) The mechanism of the enhanced oxidation at sub-
monolayer coverages of K is different from that described
for K multilayer. "' The transition from one to the oth-
er is correlated with the metallization of the surface, in-
duced by K deposition.

(iii) Contrary to previous statements ' the alkali metal
participates in the reaction with impinging oxygen mole-
cules at submonolayer coverages. Indeed, there are tao
different oxygen species during the promotion reaction:
oxygen atoms bonded to K and bonded to Si.

(iv) At 300 K the amount of oxygen atoms bonded to
silicon grows with 02 exposure, while that of K-bonded
oxygen atoms saturates. There is a thermal activation
barrier in the oxidation reaction of the substrate, possibly
related to the diffusion of activated oxygen from K sites
to free Si patches. This diffusion is inhibited at low tem-
peratures (e.g. , 110 K).

(v) The promoted substrate oxidation by submonolayer
coverages of potassium neither requires the metallization
of the surface nor involves dissociation induced by the
decrease in average work function. Instead, we propose a
strongly local mechanism, where dissociation takes place
in the vicinity of the K sites.

(vi) The behavior of different alkali metals (K,Cs) is ba-
sically similar, except for minor differences in effective-
ness.
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