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Synchrotron-radiation photoemission study of Ba on a Si„001…231 surface

Chiu-Ping Cheng,* Ie-Hong Hong, and Tun-Wen Pi†

Synchrotron Radiation Research Center, Hsinchu, Taiwan, Republic of China
~Received 11 December 1997; revised manuscript received 22 April 1998!

A synchrotron-radiation photoemission study of Ba deposited on a clean Si(001)231 surface at room
temperature is presented. Upon Ba adsorption, the maximum drop in work function is about 2.3 eV. At
submonolayer coverage, the asymmetric dimers on the surface are preserved. Near to one monolayer, however,
they become symmetric. In the meantime, barium silicides start to form, first the monosilicide followed by the
disilicide with increasing coverage. The Si 2p core-level photoemission spectra clearly exhibit these monosi-
licide and disilicide components having a surface core-level shift of 1.05 and 1.84 eV, respectively.
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The study of the metal-silicon interfaces is important
technological applications and surface physics. Many effo
have been devoted to the alkali-metal~AM ! adsorbates,1–6

which have demonstrated quite a few interesting phenom
as nonmetal-metal transition and surface dimers reversio
contrast, little attention has been paid to the alkaline ea
metals such as Ba, although the element in many asp
behaves similarly to the AM.7 According to the limited re-
ports obtained from various techniques such as x-ray ph
electron spectroscopy~XPS!,8,9 Auger electron spectroscop
~AES!,10,11 low-energy electron diffraction~LEED!,10–12

thermal desorption spectroscopy~TDS!,10,11,13 and
metastable-atom deexcitation spectroscopy~MDS!,10,13 the
behaviors of the Ba/Si(001)231 interface can be summa
rized as~i! Ba grown layer by layer,~ii ! ionic interaction
between the first Ba overlayer and the silicon surface, le
ing a charge transfer from the former to the latter,~iii ! the
second overlayer and above having a metallic character,
~iv! no silicide formation at room temperature. The pres
high-resolution synchrotron radiation photoemission work
a clean Ba/Si(001)231 interface found actually that ioni
interaction does not occur, and the Ba silicides can
formed at room temperature, as long as the substrate su
is atomically clean. Further, the dimer reversion from
asymmetric orientation to a symmetric orientation at o
monolayer~ML ! of Ba thickness is demonstrated.

Photoemission experiments were performed at the S
chrotron Radiation Research Center~SRRC! in Hsinchu,
Taiwan, Republic of China. The details can be fou
elsewhere.14 In short, photoelectrons were collected via
EA125 hemispherical analyzer~OMICRON!. The base pres
sure of the UHV chamber in all measurements is better t
2.5310211 Torr. An n-type, mirror polished, Si~001! single
crystal (r51 – 10V cm, P! was preoxidized according t
the Ishizaka and Shiraki method.15 The sample is then an
nealed stepwise in the photoemission chamber up to 87
to remove the protected oxide layers. The pressure of ev
rating a thoroughly degassed Ba getter~SAES Getters! was
always below 8.5310211 Torr. Figure 1 shows the chang
of the BaMNN ~56 eV! Auger peak-to-peak height with B
deposition time. Two kinks at 75 and 150 s of depositi
time and the change of the line slopes are clearly seen.
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then refer the time of kink as the completion of a layer. T
thickness monitor confirms the calibration as well.

Figure 2 presents the change in work function,Df, as a
function of Ba coverage. As can be seen in Fig. 2,Df drops
rapidly at low coverage and reaches a maximum value
22.3 eV at 1.2 ML. Upon further exposureDf becomes
22.1 eV, and remains at a constant value of22.2 eV above
2 ML. At here, the system work function becomes 2.7 eV16

This value is close to the work function of the metallic bu
Ba, 2.5 eV.17

The evolution of the valence-band spectra with Ba cov
age is illustrated in Fig. 3. As shown in the figure, the cle
spectrum exhibits strong emission from the surface dangl
bond, dimer-related, and backbond states at binding ener
of 0.5, 2.1, and 3.0 eV, respectively. Among these th
states, the Ba adsorbate most affects the dangling-bond s
As a matter of fact, aside from the reduction of its intens
with coverage, both the dimer and backbond states have
dergone little changes. This indicates that the Ba adsor
affects only the topmost silicon layer. A spectral shift as
whole towards greater binding energy is related to the ba
bending shift. At Df522.08 eV in association with 0.9

FIG. 1. The variation of the BaMNN ~56 eV! Auger peak-to-
peak height during Ba deposition on the Si(001)231 surface at
room temperature. Two break points are observed at about 75
150 s.
4066 © 1998 The American Physical Society
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ML, however, a structure bulges up apparently at about
eV, and gets stronger with further deposition. It even
hances in intensity in the annealed spectrum. As will
shown later in the Si 2p core-level spectra, the formation o
monosilicide starts to occur right from this coverage. Th
the intense structure at 2.7 eV is attributed to the Ba-Si bo
ing state of that silicide.

Figure 4 exhibits the evolution of both the Si 2p and Ba
4d core-level spectra taken athn5130 eV in normal emis-
sion for different Ba coverage. All spectra are normalized
the mesh current, and the Ba thickness in units of ML
shown on the right-hand side of the spectrum. As shown
Fig. 4, the ML-Ba spectrum moves as a whole towa
higher binding energy by 0.46 eV. This direction of shift
similar to that in the saturated K and Na coverage, but c
tainly opposite to that in the saturated Cs coverage.5 Upon
further deposition, the Si 2p core decreases gradually in in
tensity with coverage, and is vaguely seen at 5.7 ML. T
phenomenon disagrees with the previous report that dem
strated high emission from the silicon substrate even a
ML of Ba thickness.9

The core-level line shape changes considerably during
interface formation. Figure 5 magnifies the Si 2p core-level
spectra in great clarity. As can be seen in Fig. 5, the
adsorption broadens the vicinity of the valley between
central and the highest-binding-energy peaks, as well as
lowest-binding-energy peak,Su . The latter structure ha
been attributed as emission from the up atoms in asymm
dimers.18 The continued deposition does not entirely dim
ish theSu component, but introduces a new componentS at
0.9 ML. ThisScomponent differs from theSu component in
the clean spectrum both in line shape and surface core-l
shift ~SCLS!. This indicates that the silicon surface atom
interfaced with the Ba adatoms now have a new atomic
ometry.

Near the completion of one ML Ba, a new compone
N1 , starts to appear on the low-binding-energy side of thS
component. Upon further deposition near to 2 ML, a seco
new component,N2 , shows up even in a lower energy tha
the N1 component. Both of them increase in intensity w
increasing coverage. In a thick film, they remain rath
strong, while other Si components reduce greatly in int
sity. Hence, it is suggested that they be from the Si ato

FIG. 2. The changes in the work function of Ba on Si(001
31.
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having diffused into and bonded with the Ba overlayer.
A fit to the Si 2p core-level spectra is exhibited in Fig. 6

where the spectra are normalized to a constant height in
der to see clearly the evolution of each component. The
and fitted data are plotted in dotted and line curves, resp
tively. The model function in a fit to the clean Si 2p core-
level spectrum includes five Voigt-like spin-orbit-splittin
states, denoted asB, Su , C, SS, andSd , and two Gaussian-
like loss structures.19 The background function is represente
by a power-law function. As to the 0.9- and 1.2-ML spect
they are decomposed into six spin-orbit-splitting states,
beled asB, S, C, SS, Sd , andN1 , and a loss structure,P.
ComponentsC andSd were excluded in a fit to the 1.8-ML
spectrum. For the 2.1-ML spectrum, anN2 component was
added, in addition to componentsB, S, SS, N1 , andP. As a
result, the spin-orbit splitting, the branching ratio, and t
Lorentzian width are 60665, 0.4860.02, and 76
614 meV, respectively.

For the clean spectrum, the SCLS of theSu , Sd , C, and
SScomponents is resolved at2497,1270,2200, and1160
meV, respectively. ComponentsSu andSd are emission from
the up and down atom in a dimer, respectively. TheSScom-
ponent denotes the atoms in the subsurface layer beneat

FIG. 3. Valence-band photoemission spectra taken athn
522 eV in normal emission for different Ba coverage on a cle
Si(001)231 surface.
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dimerized layer. The two loss structures are resolved at11.3
and11.7 eV. At 0.9-ML coverage, the SCLS of theS com-
ponent is2404 meV. TheN1 component first has a SCLS o
20.78 eV at 0.9 ML, but gradually moves to21.0 eV at 1.8
ML and above. The SCLS of theN2 component is21.84 eV.
For a comparison, the Ca-induced SCSL is20.65 eV.16 The
electronnegativity differenceDx of Ba and Si and of Ca and
Si is about20.9 and20.8, respectively. If a linear slope o
the SCLS versusDx is assumed, then the Ba-Si system h
5% deviation, compared to a near 20% deviation in the Ca
system.

In the recent report of the potassium adsorption
Si(001)231,4,6,20 Chaoet al. have shown that at saturatio
coverage, the intensity of the alkali-induced surface com
nent is approximately twice that of theSu component. In
assistance with other experimental evidence, they then
cluded that the dimers have become symmetric upon K
sorption. In the present Ba/Si(001)231 system, not only the
line shape of the Si 2p core-level spectrum at one ML re
sembles closely that in the AM/Si(001)231 system, but the
evolution of theS component is similar to that of the alkal
induced surface component. It is thus strongly suggested
the surface asymmetric dimers have become symme
when the silicon surface has been covered with one
monolayer.

The C component that represents the valley structure
tween theSu andB components of the uncovered spectru
must remain in the model function for a fit to the spec
corresponding to 0.9- and 1.2-ML coverage. In t

FIG. 4. Si 2p and Ba 4d core-level photoemission spectra tak
at hn5130 eV in normal emission for different Ba coverage on
clean Si(001)231 surface.
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AM/Si(001)231 systems there exists a similar compone
which has been postulated as emission from the third la
In the present study, however, theC component remains
rather strong near ML coverage, which makes that ass
ment questionable. With the mean free path at the pre
excitation energy being about 3.2 Å, emission from the th
layer should be greatly diminished, considering the la
atomic size of the adsorbate and the long vertical dista
from that layer. Furthermore, the lack of an intensity osc
lation with photon energies~not shown! renders theC com-
ponent unlikely from the third-layer atoms. In the fit, th
summation over the fractional areas of theS andN1 compo-
nents at 1.8 ML and that of theS, N1 , andN2 components at
2.1 ML are about the same as that of theSu , C, and Sd
components in the clean spectrum. This then suggests
the C component is surface-related emission. In the rec
STM report of a clean Si(001)231 surface at 6 K tempera-
ture, the symmetric dimers are clearly imaged.21 Although
the high flip-flop rate of the dimers hinders the STM fro
revealing directly the image of the symmetric dimers at ro
temperature, their existence is certainly not unexpected.
cently, a theoretical calculation predicts that the SCLS of
atoms in a symmetric dimer is about20.24 eV,22 a value
with which the SCLS of theC component is in good agree
ment. Furthermore, the K-reverted dimers oriented sy
metrically have revealed a negative SCLS.4 With all these
evidences, we therefore believe that theC component is
originated from the surface dimers in symmetric orientatio

FIG. 5. Si 2p core-level photoemission spectra taken athn
5130 eV in normal emission for different Ba coverage on a cle
Si(001)231 surface.
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The reason for the minor change of theC component upon
Ba adsorption is due to the fact that the asymmetric dim
has lower total energy than the symmetric dimer, thus m
ing Ba atoms less preferable adsorbed on the latter. Abo
ML, however, Ba starts to adsorb on the symmetric dime
thereby reducing theC component. Further deposition ult
mately makes it merged into theS component.

As shown in Fig. 6, the binding energy of theS compo-
nent is2195 meV lower than that of theC component. This
indicates that the dimers associated with componentS must
have excess charge from componentC. The excess charg
could be due to orbital hybridization or to charge trans
from the Ba adsorbate. However, the behavior of the Bad
core-level spectra denies the latter effect. See below.

Figure 7 shows the fitted results of the Ba 4d core-level
spectra. One spin-orbit splitting state is enough to repre
the line shape when the thickness is below 0.9 ML. Abo
that, however, the increased spectral broadening and
asymmetry require a second component for a proper re
sentation of the line shape. At 2.1 ML, a small overlay
plasmon loss,P, is needed in the model function, as in th
case of Cs/Si(001)231 surface.5 The singularity indexa is
included for each spectrum for a proper fit. Its value is z

FIG. 6. Decomposed Si 2p core-level photoemission spectr
taken athn5130 eV in normal emission for~a! clean Si(001)2
31, ~b! 0.9 ML, ~c! 1.2 ML, ~d! 1.8 ML, and~e! 2.1 ML Ba on a
clean Si(001)231 surface.
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for 0.1 ML, but goes up to 0.06 for 0.3, 0.9, and 1.2 ML, a
to 0.2 above 1.5 ML of thickness. In thick coverage the
overlayer behaves as metallic Ba, thus giving largera. As a
result, the spin-orbit splitting, branching ratio, and Loren
ian width are 2.61 eV, 0.7160.03, and 0.2160.04 eV, re-
spectively.

The 4d5/2 core level of theA component shows initially a
90.65 eV at 0.1 ML, but gradually moves to 90.30 eV at 1
ML. Above that, it is fixed without further movement. A
second low-energy componentB does not appear until 0.9
ML of Ba coverage. Its intensity increases with increasi
coverage, but is always smaller than that of componenA.
The energy separation between these two components i
eV near 1 ML, but reduces to 0.35 eV near 2 ML. In th
Cs/Si(100)231 system,5 in contrast, the second compone
of the Cs 4d core levels appears in a higher binding ener
than the first component. Further, it is initiated in the su
monolayer region and grows in intensity with coverage. A
ML, the second component has the same strength as the
component. Consequently, each component was assum
occupy half of the Si~001! double layer. In the presen
Ba/Si(100)231 system, the strength of theB component
never exceeds that of theA component. Furthermore, it ap
pears only when the Ba thickness is near ML covera
Thus, the double-layer model is not feasible to t
Ba/Si(100)231 system.

FIG. 7. Decomposed Ba 4d core-level photoemission spectr
taken athn5130 eV in normal emission for different Ba coverag
on a clean Si(001)231 surface.
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Barium has a unique property that is not found in oth
elements; that is, the photoexcited oxidization state alw
appears in alower binding energy than the clean state.23 The
phenomenon is attributed to the admixture of the 5d orbital
in the conduction band, which occurred either in the initial
the final state. Moreover, the loss of the 6s2 electrons in Ba
compounds increases the negative core-level shift of the
dization states, since the empty 5d states are now energet
cally favorable to be filled. We then can apply this uniq
property to the Ba-Si interaction, with an expectation that
Ba cores would appear in low binding energy, provided t
the 6s electron is lost in the interaction. Hence, the lo
binding energy of theB component suggests that the corr
sponding Ba atoms have donated their 6s electrons to sili-
con. This strong interaction then results in the formation o
silicide. The silicide formation then gives rise to the appe
ance of theN1 and N2 components in the Si 2p core-level
spectra and the 2.7-eV bonding state in the valence-b
spectra. As in the case of Ca,16 the N1 andN2 components
are attributed to the Si atoms bonding to one and two
ligands, respectively. On the other hand, the high bind
energy of theA component indicates that the Ba atoms th
interfaced with the Si surface remain neutral. Thus, the p
vious conclusion of an ionic interaction due to the cha
transfer is denied.10,11,13Instead, the polarized model is mo
appropriate for the Ba/Si system.24

The present finding of Ba-silicides formation at roo
temperature is in great contrast to all the previous repo
which had them shown only in an annealed film.8,10,11,13We
have taken a Si 2p core-level spectrum right after an Auge
scan, during which the pressure was temporarily up to
310210 Torr. In that spectrum, neither theN1 nor the N2
component appears. In other words, a slight gas res
could stop the formation of Ba silicides. As one closely e
amines the previous work,8,9,25 the uncovered Si 2p core-
level spectrum fails to show strong surface emission.

The fact that theN1 component first appears at near 1 M
indicates that a threshold thickness is needed for the for
tion of a silicide. This is because in the submonolayer reg
the Ba adatoms bond directly with the Si dangling bon
and the partial ionic bonding causes a polarization in
interface. After the dangling bonds are passivated, the ex
du
ub
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Ba breaks some of the dimer bonds. The break-off Si ato
then diffuse into the Ba overlayer and form a silicide. An
impurity residue such as carbon or oxygen, which bon
strongly with Si, certainly prohibits this reaction from ha
pening. Note that the reaction occurs only on the surf
without affecting the subsurface layer, since theSScompo-
nent persists at the saturated coverage.

In the saturated AM/Si(001)231 systems,4,5 the dimers
remain asymmetric upon Cs adsorption, but become s
metric upon K adsorption. The dimer reversion is also fou
in the Sb/Si(001)231 system.26 The difference was claimed
to be a weaker interaction between Cs and Si than betwee
and Si. The thermal desorption spectroscopy~TDS! has
reached a similar conclusion, namely that the desorp
temperatures are observed at about 470 and 600 K for
Cs/Si~001! ~Ref. 27! and the K/Si~001! ~Ref. 28! systems,
respectively. In the ML Ba/Si(001)231 system, the TDS
gives rise to a desorption peak at about 1100 K,13 suggesting
that the Si surface bonds stronger with the Ba adlayer t
with the AM adlayer. The Ba adsorption has demonstra
the reversion of asymmetric dimers, which is absent in
Cs adsorption. This is somewhat surprising, considering
the Ba adsorbate in many respects behaves in the same
as the Cs adsorbate.7 Based on the fact of high desorptio
temperature of K and Ba, the reversion of the dimers m
then be related to their strong electronic interaction with
In other words, the reversion is mainly a result of an ele
tronic effect, not a chemical effect.

In summary, we have studied the Ba/Si(001)231 inter-
face using high-resolution synchrotron radiation photoem
sion. The maximum drop in work function upon Ba adsor
tion is ;2.3 eV. In submonolayer region, the dime
asymmetry is preserved and the Ba atoms interact ma
with the dangling bonds on the dimerized atoms. Above
ML, the dimers become symmetric. In the meantime, the fi
monosilicide starts to form. Upon further deposition to a
proximately 2 ML, the second disilicide appears.

This project was sponsored by the National Scien
Council under Contract No. NSC-86-2613-M-213-006. W
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