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Reinvestigation of the Si 2 photoemission line shape from a clean $001)c(4X2) surface
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We have reinvestigated the Sp2hotoemission spectra of a clean Si(08®Xx 2) surface with an appar-
ently higher resolution than previous studies. A systematic and extensive line-shape analysis of the spectra
taken at various photon energies and emission angles indicates that these@ra are composed of seven
different components. With regard to the recent debate on th@ 8bthponent of the down-dimer atoms, we
conclude that even with the present resolution the corresponding surface core-levésGhi® cannot be
determined accurately but is in the range of 30—130 meV between the bulk and the second-layer components.
One of the two newly identified components, with a SCLS of 1.4 eV, is interpreted as a surface loss structure
due to the interband transition between surface-state bands.
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Atomic and electronic structures of clean Si surfaces hav@.06, and 0.2 eV are interpreted as the up-dimer, the down-
been studied extensively over the past two decades botfimer, and the second-layer atoms, respecti®dlis inter-
theoretically and experimentally with a great variety of tech-pretation scheme has been adopted by many other authors
niques due to their fundamental and crucial importance foand was supported by ab initio calculatiot and a photo-
various adsorption, reaction, and growth phenomena on Silectron diffraction experimenit. However, recently Pi,
surfaces. One of the most important surface structures on Siheng, and Hong proposed a different decomposition
is the reconstruction of 801) with a p(2x1) [at room scheme, where the component due to down-dimer atdms
temperature(RT)] or a c(4x2) ordering(below 200 K.!  noted asS, hereaftey is introduced at a higher binding en-
These surface structures are basically understood from tresgy than the second-layer componest)(*? or even at a
dimerization of Si surface atoms, which are buckled asymiower binding energy than the bulk componéB).*® This
metrically with a strong charge transfer from the danglingdiscrepancy stems from the fact that Bgis too close taB
bond electron of one dimer atom buckled dodithe so- by less than 100 meV, while the apparent full width at half
called down-dimer atojnto the other buckled ugthe up- maximum of Si 2 is about 200 meV and also partly from
dimer atom.? The surface Si dimers favor an antiferomag- the quantitative difference in the SCLS values ®&y be-
netically buckled configuration o€(4X2) in the ground tween theor}’ and the previous experimeht.
state but dynamically flip above 200 K to form an apparent In this Brief Report, we present an extensive set of high-
p(2x 1) order. In the course of establishing the existence ofesolution Si 2 spectra obtained at 90 K, which exhibit an
the buckled dimers, the surface band structure measured lyiproved resolution over previous reports. These spectra are
angle-resolved photoemission combined with theoreticabystematically and carefully analyzed especially to establish
band calculations;® the scanning tunneling microscopy im- a reliable SCLS value for th&; component. Several differ-
ages at low temperatufé, and the high-resolution Sif2  ent spectral features are also identified and their origins are
photoemission spectra had played their own crucial fdles. discussed.

The Si 2 surface core-level shift measurements have The photoemission experiments were performed on an
been one of the major analytical techniques for the study oBAL undulator beam line at Pohang Light Source using a
not only the clean Si surface reconstructions but also varioubigh-resolution electron analyz¢ SES-200, Gamma Data,
adsorbates and initial growth or reaction systems on Si, proSwede. The overall instrumental energy resolution, defined
viding crucial information on the bonding states and the adby photon beam and electron analyzer, is better than 40 meV
sorption geometries. In this technique the core-level bindingind the acceptance angle of the analyzer-B°. A clean
energy shifts of different surface atoms are detected, whicli(001)c(4X2) surface was obtained by repeated flashing
reflect the valence charge distribution affected by chemicadf a P-doped $001) wafer up to 1470 K followed by a slow
bond formation and structural or electronic changes on theooling down to 90 K at a pressure below 20~ % Torr. All
surface atoms as well. From early studies, it has been knowtlie measurements were performed at 90 K in order to reduce
that the Si D spectra of the $001) surface are composed of the thermal broadening of the spectra. For comparison, a
at least three components, the bulk component and twwell-ordered Bi-terminated Si(001)2n surface was pre-
(subsurface-related components with SCLS’s of abeit5 pared by depositing Bi of about 1 monolay@iL) using a
and 0.2—0.4 eV.The origins of these two components, how- Knudsen cell and subsequent annealing at 500 K. The Bi
ever, had been under debate for a long time. Later, Landdermination removes the dimer reconstruction of the surface
mark et al® identified two more components at abotf.2 ~ Si atoms, which are instead brought into a bulklike
and 0.06 eV with a significantly improved resolution, provid- configuration*
ing a consistent interpretation of the major surface-related Figure 1 shows the Si2spectra taken at various photon
components within the asymmetric dimer structure. That isenergies and emission angles. The spectrum of a Bi-
the origins of the surface components with SCLS’s-@f.5, terminated Si surface is displayed togetftte bottom spec-

0163-1829/2003/67)/0733064)/$20.00 67 073306-1 ©2003 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B57, 073306 (2003

—r 1 11 — 1
Si2p Si2p

hv =145 eV
8 =0°

c(4x2)
90 K
150 eV 60°

(a) E, = 150 meV

Intensity (arb. units)
Intensity (arb. units)

145 eV 0° PN NS ST S W N S S S T RS ST
N BN RS PR B 2 1 0 -1
2 1 0 -1 Relative Binding Energy (eV)
Relative Binding Energy (eV) FIG. 2. Decompositions of the Sip2spectra taken at a photon

FIG. 1. Si 2 core-level spectra obtained from the clean €Ny @iv) of 145 eV and an emission anglé of 0° with
Si(001)(4x 2) surface and the Bi-terminated surfaghe spec- different SCLS's forSy of (&) Eq=150, (b) 80, and(c) 10 meV.

trum at bottorh at 90 K. The photon energies and emission anglesOpe“ cir_cles represent the raw data, and solid lines are the f_itting
(along the[110] azimuthal directionare given for each spectrum. results, fitted components, and integral backgrounds. The data in the

The obvious spectral features are indicated by arrows and denotd@Sets 0f(c) and(d) are magnified vertically 9.5 times.
asL, D, S', B (the bulk componenfC, andS, (see text for detailed So far, there is a consensus on the origins of only three

explanatiof. componentsti) the dominant bulk componer®, is obvious;

(i) the well-separated peak at a SCLS oD.5 eV, S,
trum), which consists almost of a single spin-orbit doulidet comes from the up-dimer atoms on the top lay@i) the
the bulk component. As the photon energy increases fromeak at 0.2 e\VS', originates from the Si atoms in the second
114 to 150 eV, the photoelectron kinetic energy increases anidyer® Although the presence & has been established, its
the escape depth decreases. Then the intensities of tleigin is uncertairf:*® The two extra component® andL,
surface-related components are enhanced and the compehich only few previous studies observed, will be discussed
nents are most well resolved at a photon energy of 145 eVurther below. In addition to these components, the seventh
(dots and solid line in Fig. 1 There, the raw spectrum component, one from down-dimer aton®,, should be in-
clearly reveals at least six different spectral features, whicltluded, which represents half of the top-layer Si atéms.
are marked by the arrows and denotedsgs C, B, S’, D, However, theS; component does not appear as any obvious
andL. Note that none of these features could be explained bgpectral feature in the raw speciisee Fig. L Instead, its
the spin-orbit splitting of another feature except @rThe  presence may be suggested in an indirect way: As guided by
energy position oD closely overlaps with the 2, compo- the vertical lines in Fig. 1, the energy positions of the maxi-
nent ofC. However, the apparent intensity Dfis similar to  mum intensity peaks clearly shift systematically toward a
that of C, which cannot be fully accounted for only by the higher binding energy as the surface sensitivity increases.
2p4», component ofS. This point will be made clearer below. This implies that there is a hidden surface component that is
The presence of the structure at 1.4 @Y is not evident in  very close toB and is located at a higher binding enefgy.
Fig. 1 due to its small intensity. However, its presence and its In order to determine the SCLS @&, as precisely as
doublet line shape are clear in the enlarged spectra in Fig. Bossible, we first applied the standard least-squares fitting
[see the insets in Figs(& and 2d)]. As shown in Figs. 1  procedure to the most well-resolved spectrum taken at a pho-
and 2, these spectral features are almost completely removech energy of 145 eV and an emission angle of 0°. The raw
by the Bi termination, further supporting the fact that theyspectrum is fitted by seven spin-orbit-split Voigt functions
are related to the Si surface dimerization. (Sy, C, B, S4, S, D, andL), as explained above, with a
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branching ratio of 0.5 and an integral background. Several
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constraints are applied initially to reduce the ambiguity of E 0.4t Qéa? 12 E o —o-5
the fitting procedure(i) The same Lorentzian full width at & o.saf o5 e g 0201 "o
half maximum(LW) of 50 meV is used for all seven com- 7 °% N 2 %1182 RS
ponents since there is no obvious physical reason for a dif-g ) %004 & '
ferent LWS This value of 50 meV itself is determined reli- 3 °% =" 1 8 on
ably by the best fit of the lower-binding-energy tail of g~ & [a="" 8 .
component, the only place where the line shape of a single 02040 80 120 160 02040 80 120 160
component shows up without any overlap from other spectral SCLS of S, E, (meV) SCLSof 8, E, (meV)
features® This LW value agrees well with the result of a
gas-phase Si R measurement reporting 45 meRRef. 179 0.5 - . . - - ——— 0.5
although a somewhat largé85 meV (Refs. 6 and 18§ or a - (d) —e—58)
smaller[35 meV (Ref. 19] value of LW have been used in & %4} 170, =60° N 0.4
previous studiegii) Considering the same amount of the up- 3 e D
and down-dimer atoms on the topmost layer, the same inten= 03 . >-L 03

*—_

sity and Gaussian full width at half maximu@Ww) are used ~ § [ DR .;g lo2
for the S, and Sy components. The value of GW was deter- § - -
mined to be 185 meV from th§, component as in the case T ¢.1 , L 101
of LW. (iii) The energy separation betweBrandS,, that is, oA Siifug.a
the SCLS ofS,, is fixed to —0.496 eV, as determined pre- 0.g LR BB bbb B
cisely from a bulk-sensitive spectru¢hl4 eV and 0° in Fig. 10120 130 140 150 130 140 150
1). Otherwise the energy position of the bulk componBnt Photon Energy (eV)

varies unexpectedly in the fitting procedure caused by the F|G. 3. (a) Fractional intensitiegintensities normalized by the
interference fromS and Sy (see Fig. 2 Then the curve fit-  total integrated intensityand (b) Gaussian widths of the bulk
tings were done with varying the SCLS 8f systematically  (squaresand the second layécircles components obtained from
and then the energies, intensities, and GW's of other compahe fittings of the Si p spectrum taken dtv= 140 eV(as in Fig. 2
nents are determined accordingly. with various SCLS’s of the down-dimer componerg). (c), (d)

The results of such curve fittings are displayed in FigsFractional intensity of each component in bulkd.&0°) and
2(a)—2(c) for several selective SCLS's @&, (Eg4). The en- surface-sensitive §,=60°) configurations at various photon ener-
ergy positions o5, are marked by the arrows. We note that gies for the whole spectra shown in Fig. 1.
the raw spectrum is almost equally well fitted for different
E4's, making a precise determination of the SCLSSgthy  of E, is roughly 40—140 meV. We then applied a thorough
the goodness of the fits almost impossible. WBgrshifts to  and extensive curve-fitting procedure to the whole set of Si
a lower-binding-energy side, the major noticeable changegp spectra shown in Fig. 1, varyirigy with and without the
are that the intensity and GW & increase and those &  constraint of the same intensity for tf& and S, compo-
decrease as expected. That is, the three comporgnss, nents in order to take into account of the possible photoelec-
andSy, are too close and interfere too much to be fitted outron diffraction effect! Through comparing the goodness of
unambiguously. The trends of the intensities and GW'8of fits (the sums of the goodness of fits for each spectyims
and S’ are examined quantitatively in Figs(a® and 3b).  found that the reasonable energy rangeEgfis from 30 to
WhenE, is smaller than 20 meV, the intensity 8f is larger 130 meV. Although not conclusive enough, the best fits of
than twice that ofSy (0.17 in the fractional intensilyand its ~ whole spectra are obtained f&;=55 meV when keeping
GW is also larger than that @&, (0.185 e\j. These values the constraint of the same intensity for up- and down-dimer
are physically unreasonable becaugethe intensity of the components. This value is fully consistent to the previous
second-layer component should be less than twice the intemeport of 62 meV by Landemardt al® Some of these fitting
sity of Sy (i.e., the total intensity of the first-layer compo- results are shown in Fig. 4. The LW of 50 meV is used for
nentg and (i) a smaller GW is expected for a deeper layerthe whole spectra as explained above. The branching ratio is
due to the increased connectivity and thus the reduced phdixed to 0.5, which is decided by the multiplicity opg;, and
ton broadening. These arguments set a lower limiEgfat  2p,,,. The same spin-orbit splitting of 615 meV is applied to
20 meV/[the dashed lines in Figs(@ and 3b)]. Therefore, all seven components. The SCLS's )y, C, Sy, S, D, and
we exclude the previous decomposition scheme of PiL are determined to be 0.496,—0.207, 0.055, 0.225, 0.366,
Cheng, and Hong which suggested a negative SCLS;0f and 1.400 eV, respectively. The GW's §f (Sy), C, B, &',

i.e., Sy at a lower binding energy thaB.!®> That decomposi- D, andL are 0.185, 0.150, 0.145, 0.160, 0.180, and 0.400 eV,
tion is qualitatively contradictory to the spectral behaviorrespectively. Note that the physically rigorous conditions for
shown in Fig. 1 since the maximum peak position, whichthe curve-fitting analysis above is that the SCLS, LW, and
results from the convolution d and S, shifts to ahigher ~ GW of each component should not be changed to fit the
binding energy as the surface sensitivity increases, indicatingshole spectra taken at various photon energies and angles.
a surface peakS;) at ahigher binding energy tharB. The constraint of the same intensity for t&g and Sy com-

The behavior of the intensity and width & shown in  ponents and the same branching ratio of 0.5 for all compo-
Figs. 3a) and 3b) further indicates that the reasonable rangenents are not rigorous, since the intensity and the branching
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' ' ' ' ' ' related to the Si atoms on the topmost layer and they should
; be related with subsurface layers. This excludes the sugges-
hv=130eV tion of the symmetric dimers as the origin of th@
6, = 60 component and favors the suggestion that one half of the
third layer is the origin of2.% In the above decomposition the
componenD is clear and essential. This component was also
noticed in a recent high-resolution measurement similar to
the present on& The D component may come from
f vacancy-type defects but the small intensity prevents assign-
v = 130 oV ing its origin unambiguously. _ _ _
4\ The L component(see the insets of Fig.)2which exists
in the clean surface spectra but not in the Bi-terminated sur-
face spectrum, is interpreted as a surface loss structure due to
the interband transition between two near-gap surface-state
bands. Its SCLS of 1.4 eV agrees well with both the experi-
> ] 0 4 2 1 0 ¥ mental results of electron-energy-loss spectroscopy and opti-
cal spectroscopy measurements and the theoretical prediction
of 1.5 eV?22 Although Landemarlet al® did not consider
FIG. 4. Optimized decompositions of four selective Pigpec-  the spectral feature at this energy range, Pi, Cheng, and
tra with seven components. The SCLS of down-dimer componenfjong'? recently introduced a tiny two-peak structure at the
(Sy) is setto 55 meV. The SCLS's &,, C, Sy, §', D, andL are  high-hinding-energy side, which is similar to They, how-
—0.496, 0.207, 0.055, 0.225, 0.366, and 1.400 eV, respectively, angver, interpreted the two high-binding-energy peaks as the
the GW's ofS, (Sy), C, B, §', D, andL are 0.185, 0.150, 0.145, g 1face and bulk loss features, respectively. This interpreta-
0.160, 0.180, and 0.400 eV, respectively. See text for the details. tion is not consistent with the fact that the Sp apectrum

ratio of each component can be modulated due to the dif'ferf-rorn the Bi-terminated surface in Fig. 2 exhibits no bulk-

ent matrix element or the photoelectron diffraction effdd® related loss structure. Instead, the peak separation and inten-
p e " . Sity ratio of the two peaks of the featuteindicates a spin-
Therefore, small modulations within 10% can be allowed for__ ~°.
. . . . orbit doublet.
the intensity ofSy and the branching ratio of each compo-

; . : : In summary, we report high-resolution Sp Zhotoelec-
nent,_whlph slightly enhances the goodness .Of the fits W'thfron spectra from the clean Si(0@I% X 2) surface taken at
out significantly affecting the above conclusions. However

in the latter case there are too many variable fitting param’\—/aIrlous photon energies and emission angles, and compare

eters increasing the arbitrariness of the fittin them with the spectrum from the Bi-terminated surface. The
The fraction%l intensities of the com ongﬁts at variousClean Si 3 spectra are shown to be composed of seven
P different components including a small surface loss structure

pho_ton energies are c_hsplayed n F|g§c)3and dd). Com t 1.4 eV. The SCLS of down-dimer atoms cannot be deter-
paring the normal emission spectra with the spectra taken at. . ; _ )

S o . mined precisely due to its proximity with the bulk compo-
an emission angle of 60°, the noticeable changes are the

) nent but is proved to be in the range of 30—-130 meV be-
increase of5, anq f[he decr_ease .Of the t.’UI.k companrit)r HNeen the bSIk and the second Iaye?components.

the surface-sensitive configuration. This is what is expecte

naturally. The fractional intensities of other components do This work is supported by KOSEF through ASSRC and
not change as much as that 8f with emission angle. by MOST through Tera-level Nano Device project. The Po-
Hence, it is clear that the componei®s C, andD are not  hang Light Source is supported by POSCO and MOST.
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