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Temperature-induced metallization of the S{100) surface
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We provide evidence for the temperature-induced metallizafitv ) of Si(100 surface. A TIM takes place
at about 600 K without any change in surface periodicity. Contrary to previous suggestions, photoemission
spectroscopyPES reveals that the TIM is not related to tliestantaneoyssymmetrization of asymmetric
dimers. We suggest that Si adatoms produced at elevated temperatures play a role of donor, giving rise to the
TIM.
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Element and compound semiconductor surfaces exhibit a The S{100) surface has a relatively simple atomic struc-
temperature-induced metallizati@giIM) upon raising tem- ture. Its atomic and electronic structure(at below) RT is
perature. Much effort has been devoted to revealing th@ow well-established through a number of studies using vari-
physical origin of the onset of the TIM up to date, especiallyous surface-sensitive techniques, whereas a few investiga-
for the (100 plane. In their combined angle-resolved PEStions have been performed at an elevated temperature. Of
(ARPES and low-energy electron diffractio EED) stud- ~ many semiconductor surfaces(HI0) is used for most of the
ies of G&100) surface, Kevan and Stoffed observed a me- device fabrication. Some principal processings, such as the
tallic state above 130 K whose intensity increases as tenformation of high-quality silicon oxide and homoepitaxial
perature rises. At the same time, a &(2) LEED pattern growth, are performed at an elevated temperature above RT.
was observed to convert to a<2L. They suggested that the 1herefore, the study of &i00) at an elevated temperature is
TIM is related to defects, induced by a flipping motion of of t_)oth scientific and technol_oglcal importance. It_shows pe-
dimers, on the disordered-ck2) reconstructior:2 A simi- culiar structural and electronlc propgrt|es depending on sub-
lar increase in metallicity with temperatuep to about 900 str:ate terrr:perature. A s_em[conduri:tmg ”g(z). (or .2X2)

K) on G&100) was reported in a recent stutifhe structural ph ase,'wbe_rled'asyl;?mﬁtnc d'm]f{rm n-Te er'éjllstortlohar(_a
phase transitior(PT) from a c(4x2) to a 2x1 was also the main building blocks, transforms reversibly to a semicon-

. . . ducting 2x1 at the critical temperature of about 200°#
accompanied by the T!M OW—S|C(100)_ surfafzé.Anstov The 2X 1 surface has been reported to undergo a TIM above
et al. observed a reversible PT from an insulating () at

: 900 K (Refs. 6 and Yand then an incomplete melting tran-
room temperaturéRT) to a metallic 2<1 at elevated tem-  gjiion at about 1400 B! Here, we focus on the TIM, whose
perature by using scanning tunneling microscd®M),  origin is still an open question among the PTs ofilG0)
scanning tunneling spectroscof§TS, and synchrotron ra- gyrface.

diation PES(SRPE$ measurements. They claimed that two | this Rapid Communication, we report experimental
symmetric Si dimers with different helghts than each other irbvidence for the TIM. The TIM was observed at about 600 K
a c(4x2) unit cell change to Si dimers with the same (below than beforewithout any change in LEED pattern.
height? The structural transformation was attributed to theCore-level spectra show that the number of up-dimer atoms
TIM of B-SiC(100)% which was later challenged by Duda is conserved at temperatures ranged from RT to 1100 K. In
et al® On the other hand, Gi00) surface, which is the coun- electronic band structures at elevated temperatures, the me-
terpart of G€100), exhibits the TIM above 900 K with keep- tallic state is visible ai” and J', which correspond to two
ing its 2<1 symmetnf’ In a recent PES studythe inten-  minimum points of the empty surface state of an asymmetric
sity at the Fermi level (B, which is a measure of the dimer model. These results rule out the possibility of the
metallic character of the surface, was observed to increagénstantaneoyssymmetrization of asymmetric dimers as the
linearly up to about 1100 K. Gaviokt al. proposed using cause of the TIM. Si adatoms produced at elevated tempera-
high resolution electron energy loss spectroscdifEELS  tures are suggested to play a role of donor, filling the empty
and ultraviolet photoemission spectroscd@p\PS that an in-  surface state of asymmetric dimer model.

stantaneous symmetric dimer configuration due to fast The experiment was performed in ultrahigh vacuum
dimer-flipping is responsible for the TIM of Q00  chambers equipped with LEED and PES at the beam line
surface®’ Up to now, the TIM has been attributed to the 2B1 (Ref. 12 and 3B1 of Pohang Light Source in Korea. A
local structural transformation or the motion of dimers. How-direct current regulated power supply in square wave ranging
ever, the reason why semiconductor surfaces start to be m&om 30 to 120 Hz was used to measure the PES spectra at
tallic at elevated temperatures is not well understood in termgemperatures above RT, as in other wdtkéWe confirmed

of a structural change of Si dimers. We introduce a concepthat the same spectra were obtained at RT irrespective of the
in this work to account for the TIM. connection to the power supply. When we used SR, the pho-

0163-1829/2001/620)/2013044)/$20.00 64 201304-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

HWANG, KANG, KIM, KIM, CHUNG, AND PARK PHYSICAL REVIEW B 64 201304R)

Si(001)2x1 4 Si(001)2x1 ;"

1 Y
i )
atRT !. .: at 800 K . ea=60n
\ 1100 K /

I Ny

A \'MS 800 K
101 100 99 98 101 100 99 98
i‘ N 700 K Binding Energy (eV) Binding Energy (eV)

“ 600 K FIG. 2. Fitting results of the surface-sensitive Si 2p core-level
L spectra from the Si(100)21 surface at room temperatuf@ and
| AT 800 K (b) (emission angle 0, 60°).

&
ro
o

number of surface atoms before and after the transition, Si 2p
Binding Energy (eV) core-level spectra were measured at several substrate tem-
_ peratures using a surface-sensitive photon ené&tgg e\).
_FIG. 1. Angle-integrated valence-band spectra from thetpg total-energy resolution at the photon energy of 132 eV
Si(100)2<1 surfgcg depending on substrate temperaie1100 a5 apout 0.15 eV. The Si 2p core-level spectra at RT in Fig.
K) at normal emission. 2(a) are well fitted with one bulk and three surface compo-
nents. The BE shifts of S1-S3 components at RT were found
ton source was always linearly polarized. The binding energyo be about 0.20,-0.20, and—0.52 eV, respectively, irre-
(BE) is referred to [, which is determined by measuring E spective of the emission angle. Three surface components
of Ta in electrical contact to the sample. Other experimenta{S1-S3 are known to be originated from second layer atoms,
details are described elsewhéte. impurities or deep layers atoms, and up-dimer atoms,
Figure 1 shows angle-integrated valence-band spectr@spectively**° It is difficult to resolve the down-dimer
from the Si(100)X 1 surface depending on substrate tem-atom component at just about 60 meV higher BE than the
perature(RT-1100 K) at normal emission. The incident pho- bulk component under the measurement at RT. The spectra at
ton energy and the acceptance solid angle of the spectron800 K were fitted with the same fit parameters, except for
eter were 21.2 eV and about 11.4°, respectively. The angl&aussian width, which were 0.25 eV at RT and 0.38 eV at
between the incident photon beam and the surface norm&00 K, respectively. Fit parameters at RT and 800 K are
(hereafter incident anglewas about 45°. A surface state summarized in Table I, where the relative intensity is nor-
(AD) originated from dangling bonds of up-dimer atoms ismalized to the total intensity and BE shift is relative to that
visible at about 0.53 eV at RT. There exists no state crossingf the bulk component. The BE shifts are independent of
E; . This indicates that the @00 surface is semiconducting substrate temperature, which indicates that the amount of
at RT for low-doped samples. The widths of valence-bandtharge transfer from the down-dimers to the up-dimers is the
features become broad due to phonon broadening upon raisame regardless of temperature. The asymmetric dimers
ing the temperature. A weak shoulder, denoted by MS, aptherefore seem to fluctuate between up and down positions
pears at about 600 K and then grows up with increasingvith the same tilting angle irrespective of substrate tempera-
temperature, while the BE and the intensity of AD do notture despite the flipping is more frequent at higher
change regardless of temperature. The metallic feature itemperature$® The intensity of each componefftom Fig.
PES at elevated temperatures was previously repbreed, 2) and the relative intensity of MS to ADfrom Fig. 1),
there are some discrepancies between previous and presavtiich represents the metallic character of the surface, are
experimental results. When compared to previous repdrts depicted as a function of substrate temperature in Fig. 3. The
the onset temperature of the TIM is quite lower and the statenetallicity becomes stronger but the relative intensity of S3
near E is distinguishable with AD, which allows us to char- does not change with increasing temperature. This implies
acterize MS. One feature is that MS is more reactive than ADhat the number of the asymmetric dimers is conserved and
for the adsorption of oxygen. We could measure the bandhe average time spent by instantaneous symmetric dimers
structure of MS as well as other surface and bulk states. does not change at temperatures ranged from RT to 1100 K.
It has been suggested that the frequency of the dimer flip- ARPES using SRBL 3B1) and He | reveals distinctive
ping motion is so high that the average time spent by theharacters of MS. The state tends to become strong as the
instantaneous symmetric dimers affects the surface electronjhoton energy increases from 11 eV to 22 eV. The relative
structure®’ According to the explanation, the number of the intensity of MS to AD at normal emission decreases at lower
asymmetric dimer should reduce above the critical temperancident angle of about 25° when compareddte- 45, 65°.
ture, at which the TIM takes place. In order to deduce theARPES spectra under the condition of=h21.2 eV (He )
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TABLE |. Relative binding energy and intensity of each component for the Si 2p core level spectra from

the Si(100)2<1 surfaces at RT and 800 K. The full wid

th at half maximum for the Lorentzian fit function,

branching ratio, and spin-orbit splitting of each component are 0.18 eV, 0.5, and 0.59 eV, respectively. The

values in parentheses are for the spectra at 60°.

Component BE shift Intensity BE shift Intensity
RT 800 K

B 0 0.689(0.482 0 0.692(0.530
S1 0.20(0.18 0.149(0.239 0.19(0.19 0.149(0.210
S2 -0.20 (-0.21) 0.028(0.064 —0.20 (—0.20) 0.025(0.05)
S3 -0.52 (-0.52) 0.134(0.220 —0.52 (—0.52) 0.134(0.209

and 6;=45° were measured from the($00 surface at RT

A similar band structure at elevated temperature was also

and 900 K along th¢010] direction, which is common to observed for the Ge(100)21 surface. When compared to
two different domains. For the surface at 900 K, MS isthe S{100, MS is relatively weak at J’ point, which can
clearly visible around normal emission and disappears witlexplain the reason why MS is visible at only point in
increasing emission angle. The state starts to be foungrevious report$? It should be noted that the TIM occurs
weakly around #.=34° and then fades away at higher without any change in LEED pattern above RT. The simul-
angles. The resultant band structure at RT and 900 K artaneous structural transformation in previous reports would

mapped in Fig. 4. Band structure at 900 K is almost similar
to that at RT, which is consistent with the maintaining 2
X1 LEED pattern at this temperature, except for the state
near E. The dispersion does not accord to the symmetric
dimer model, in which the state from dangling bond is higher
in energy af” point!’ This also excluded the possibility that
the TIM is originated from the instantaneous symmetrization
of asymmetric Si dimers. Because M&enoted by dojsat
900 K is visible at only high symmetry points in thex2
surface Brillouin zone, we can also rule out the possibility of
defects at the surface. Present PES results are similar to those
in a previous work in that the state A in Ref. 18 remains at
elevated temperature. However, there is a difference that the
state B in Ref. 18 is still found up to 1100 K. We compare
our experimental results with a band calculatisnlid lineg

for the asymmetric dimer modélalong this direction. AD
below E is in good agreement with the calculation ahd
and J' points, at which MS is found, correspond to two mini-
mum points(denoted by arrowsin energy of the empty
state'® We observed MS at onl{/ point below 700 K, indi-
cating the minimum of the empty state is located at this
point. This result strongly supports previous EELS resilits.
The empty surface state is occupied little by little from the
bottom as the temperature increases.
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o0 . e . 000 room temperaturéa) and 900 K(b) along the[010] direction taken

Substrate Temperature (K) with He | (hv=21.2 eV). The notations at bottom indicate the

symmetry points of the 1 surface Brillouin zones. The dots and
FIG. 3. Intensity of each component in Fig. 2 and the metallicity solid lines stand for experimental and theoretical band dispersions,

derived from the relative intensity of MS to AD in Fig. 1 as a res

pectively, and the dark background represents high photoemis-

function of substrate temperature. sion intensity.
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be accidental and the TIM is likely to depend on samplevalence-band spectra from a Si(11¥7 surface with in-
conditions. creasing temperature. As temperature riggsto about 1000
Where do the electrons occupying the empty state comg), the metallicity of the Sil11) surface grows up without
from at elevated temperatures? Thermal excitation can be any change in LEED pattern. Although the TIM does not
possible source but the substrate temperatures in this wotkke place on the 8ill) because it is already metallic at RT,
are too low to excite electrons in valence bands thermallythe increase in metallicity is believed to be comparable with
Furthermore, AD still remains after the complete disappearthe TIM of the S{100 surface. Kandel and Kaxiras have
ance of MS upon oxidation, which strongly rules out theshown by using first-principle calculations that the adatoms
possibility. Therefore, we consider that a donor giving itshopping between different sites in a representative configu-
electron to the empty state is produced at an elevated temation can have positive effective charges on(18D)
perature and its population increases upon raising temperaurface?® Despite there is no calculation on(800) surface,
ture. As observed for highly n-doped(800) surface?>?’the  the resemblance between both surfaces supports our interpre-
empty state can be occupied by the electrons of dopantsation that Si adatoms are responsible for the TIM of the
However, we observed the TIM for lightly p-doped surface Si(100 surface.
as well as the lightly n-doped one and could not find any In summary, the TIM of S1L00) surface has been inves-
trace of the correlation between dopants and the TIM. Bytigated. Core-level spectra and electronic band structure at
comparing our PES results with previous STM or reflectionelevated temperatures reveal that the TIM is not related to
electron microscopyfREM) data at elevated temperatures, any structural change of asymmetric dimers. We suggest that
we find a clue to the electron source. Microscopy imagesSi adatoms produced at elevated temperatures give rise to the
show that Si adatoms are produced near the onset tempergH\.
ture of the TIM?® Si adatoms behave as if they possess posi-
tive chargeg’ These results suggest that Si adatoms play a The authors would like to acknowledge financial support
role of donor, filling the empty state. The increase in metalfrom the KOSEF(Korea Science and Engineering Founda-
licity upon raising the temperature can be understood as thion) through the ASSRQAtomic-Scale Scientific Research
growth of its population. Si adatoms should have an effect orCentej at Yonsei University. We are also grateful to Profes-
the electronic structure of @ill) surface due to its positive sor M. H. Kang and H. W. Eom for their helpful discussions.
effective chargé® Hence, we measured angle-resolvedPOSCO supports this experiment at PLS.
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