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Dynamics-Induced Surface Metallization of Si(100)
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High-temperature surface metallization of Si(100) is observed atT . 900 K by high-resolution
electron-energy-loss and ultraviolet photoemission spectroscopy. Metallization takes place well
the incomplete surface melting temperature and is consistent with the Si dimer dynamics, charac
by an instantaneous symmetriclike dimerconfiguration. The surface free carrier concentration in t
metallic phase has been evaluated, reaching (at 1170 K) the same order of magnitude of the
dimer density. [S0031-9007(96)01536-0]

PACS numbers: 71.20.Mq, 73.20.Mf, 73.61.Cw
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The basic feature of reconstructed Si(100) surface
the presence of Si-Si dimers, formed by bonding of th
two topmost layer Si atoms. This surface symmet
is consistent with both symmetric (SD) and asymmetr
(AD) dimer disposition [1], though it has been recentl
established that the AD configuration is the reconstructio
[2–7] consistent with the semiconducting character of th
surface [8]. At very low temperature large regions of AD
present acs4 3 2d symmetry [2–4,9,10], energetically
degenerate with aps2 3 2d reconstruction [11–13]. The
surface dynamics (AD flip-flop and twist motion [13])
determines an order-disorder transition observed arou
200 K [2,3,12,14], leading to the room-temperature
(2 3 1) surface symmetry. This ordered dimer structur
persists even at high temperatures (1200 K) [15,16], wh
the surface undergoes an incomplete melting transiti
at Tim , 1400 K, characterized by the formation of a
liquid layer in the two topmost surface planes [17
The semiconducting nature of this surface, establish
by several electron spectroscopies [18–26], has be
associated with dimer-related surface electronic states.
question arises as to how the AD dynamics as a functi
of temperature is accompanied by modifications in th
surface electronic structure and whether a semiconduct
metal transition is induced by the surface dynamics or b
the incomplete surface melting.

In this Letter we present experimental evidence o
high temperaturesurface metallizationmore than 300 K
below the incomplete melting transitiontemperature
Tim, obtained with high-resolution electron-energy-los
spectroscopy (HREELS) and ultraviolet-photoemissio
spectroscopy (UPS). We attribute the Si(100) surfa
metallization mainly to thesurface dimer dynamics; i.e.,
the increased dimer flipping rate at finite temperatu
leads to a fast time alternation of the localcs4 3 2d and
ps2 3 2d stable phases, passing through nearly symmet
flat dimer configurations [13]. Upon raising the tempera
ture, well belowTim, the influence of this instantaneous
dimer-induced symmetric geometry is expected to deep
affect the electronic properties, leading to high density
free carriers at the surface.
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Ultraviolet photoemission spectroscopy can direc
give information on surface metallization by enlightenin
the occupied electronic states up to the Fermi lev
Low-energy inelastic electron scattering (HREELS)
particularly sensitive to the surface conductivity throug
analysis of free-carrier induced collective modes [27–2
Thus, these complementary spectroscopies are am
the most suitable techniques to exploit insulator-me
transitions at semiconductor surfaces.

The experiment was performed onn-type doped Si(100)
wafer withn ø 1 3 1019 cm23 donor (Sb) concentration
The surface was prepared with appropriate etching pro
dure [30], fast entry into ultrahigh vacuum (UHV, bas
pressure in the10211 mbar range), subsequent annealin
at 850 K for several hours, and flash at 1200 K for 1 m
Cleanness was checked with HREELS and Auger sp
troscopy. The sample was directly Ohmically heated
a current pulsed at a few Hz, suspending the data acqu
tion when the current was on. The temperature was m
sured with a thermocouple placed on the sample hol
very close to the wafer surface and with infrared pyrom
ters. Thanks to the high dopant concentration, the te
perature was quite uniform over the whole surface. T
HREELS spectra were taken in the specular geometry w
a primary beam energyEp  7.8 eV and an angle of 62.5±.
Sampling depth was of the order of a few tens of Å, es
mated considering the electron inelastic scattering proc
[29]. The UPS data were collected using 21.2 eV HeI pho-
tons with a double-pass cylindrical mirror electron an
lyzer (CMA) integrating over different emission angle
The sampling depth, estimated by the electron mean f
path at,17 eV kinetic energy, was about 6 Å [31]. A
room temperature (RT) the low-energy electron diffracti
(LEED) presents a sharp (2 3 1) double-domain diffrac-
tion pattern, which is still visible atT , 1050 K with
broad spots, in agreement with the scanning tunneling
croscopy (STM) observation of dimer structure at this te
perature [15].

The HREELS data in the quasielastic peak energy
gion as a function of surface temperature are shown
Fig. 1. The main effect of temperature raising is a distin
© 1996 The American Physical Society 3869
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FIG. 1. High-resolution electron-energy-loss spectrosco
data in the quasielastic peak energy region, as a function
the surface temperature. Primary beam energyEp  7.8 eV,
incidence (qi) and collecting (qr) angles of 62.5±. Spectra are
stacked along the vertical axis for clarity.

widening of the quasielastic peak. Its corresponding fu
width at half-maximum (FWHM) behavior is plotted in
Fig. 2, where three different phases can be easily dis
guished. As the temperature is raised from 300 to 600
we observe a slight peak widening, due to the multiple
citation of surface plasmons associated with the therm
excited dopant-induced free carriers in the bulk. The s
ond phase, starting around 800 K, is characterized b
huge quasielastic peak width increase, not accounted
by simple free-carriers thermal excitation mechanism.
further variation in the linewidth broadening rate dete
mines the onset of the third phase, covering the 100
1200 K temperature range, ending up with a saturat
followed by a small decrease.

Quantitative evaluation of the energy-loss spectrum c
be performed using a simple dielectric model [27–2
In the dipole scattering approximation, the scattering e
ciency is proportional to the electron inelastic scatteri
probabilityPsq, vd, which can be expressed as the produ
of three terms: a “kinematic factor” (containing the geom
try of the process), the Bose-Einstein statistical distrib
tion factor (containing the temperature dependent sta
occupancy), and the loss functionfsq, vd  2Imh1y
f1 1 ´effsq, vdgj (containing the physical response
where´effsq, vd is the effective dielectric function (DF)
of the medium. We assume that the physical system
constituted by different layers, namely, the semi-infin
3870
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FIG. 2. Quasielastic peak width as a function of temperature
Experimental data (dash-dotted black line). Results of th
dielectric model calculations including: Bose-Einstein (BE)
statistical distribution thermal variation (open squares); BE1
intrinsic carrier plasmon thermal variations (open triangles)
BE 1 intrinsic carrier1 depletion layer thickness thermal
variations (open diamonds); BE1 intrinsic plasmon1
topmost metallic layer plasmon variations (open dots).

Si bulk and a surface layer, which can be depleted o
dopant-induced free carriers (so-called dead or depletio
layer [32]). Each layer is characterized by its DF. In this
energy region, the bulk is described by the infrared infinite
dielectric constant (́̀ ) and by a uniform dopant-induced
free-carrier electron plasmon, with a plasmon energ
vp 

p
4pne2ymp (with n the free-carrier density,e the

electron charge, andmp the optical effective mass in the
Si conduction band). The dead layer region is depleted o
free carriers, thus the plasmon excitation is absent.

The experimental scattering efficiency is fitted by us-
ing the dielectric model [33], obtaining the experimen-
tal quasielastic peak line shape and the low energy-los
region as a function of temperature. Choosing the ap
propriate values formp (0.26 3 m0, with m0 the free
electron mass) [34] and relaxation timets1.4 3 10214 sd
[35] corresponding to the actual doping level (n ,
1019 electronsycm3), we calculate a bulk dopant-induced
plasmon frequencyvp  230 meV (corresponding sur-
face plasmon at 64 meV) with a damping of 280 meV,
consistent with the absence of distinct low-frequency
peaks in the spectra (see Fig. 1). Using this simplified
model with a semi-infinite bulk and a depletion layer
thickness of 45 Å [36], we obtain a good fit to the ex-
perimental data at RT.

Keeping the temperature as the only variable fitting
parameter, the experimental linewidth broadening plotte
in Fig. 2 can be accounted for only in the first phase
(300–600 K): thus, in the temperature range the linewidth
increase is only due to the Bose-Einstein statistical dis
tribution factor (white squares in Fig. 2). Above 600 K,
some other mechanism must contribute to the linewidt
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broadening. Inclusion of thermal activation of intrinsi
conduction carriers across the Si energy gap in the mo
(triangles in Fig. 2) improves the curve, but is not sufficie
to fit the huge quasielastic peak broadening above 800
Decrease of the depletion layer thickness has been invo
to explain high-temperature quasielastic peak wideni
at the Sis111d-s7 3 7d surface [37]. The depletion layer
thickness was included as a fitting parameter and by d
creasing its thickness we were able to obtain a result m
consistent with the experiment (open diamonds in Fig. 2
however, this model fails above 840 K. Beyond this tem
perature, only inclusion of a topmost thinmetalliclayer can
account for the experimental linewidth broadening (ope
dots in Fig. 2). We introduce in the dielectric model a sla
characterized by a Drude-like free-electron gas, describ
by an effective dielectric function

´ssvd  ´` 2

µ
vp

v

∂2 1
1 2 1yivt

,

with a thickness of 1.7 Å (equivalent to the topmost S
dimer layer). Using this model a very good agreeme
with the experiment was obtained by raising the fre
electron plasmon frequency from,0.6 to 4.3 eV (with
1.7 eV damping), upon increasing the temperature fro
850 to 1170 K. The plasmon frequency values correspo
to ametalliclayer with an “equivalent” surface free-carrie
concentration raising from0.4 3 1013 electronsycm22 to
2.2 3 1014 electronsycm22, as a function of temperature
The last fit value is comparable to the surface dimer de
sity (6.8 3 1014 cm22), thus indicating an actualsurface
metallic behavior. Finally, we notice that at the highes
temperature reached in the HREELS experiment (1200
there is a slight linewidth narrowing, which can be presum
ably related to a larger metallic screening of the underlyin
bulk collective modes.

The presence of a surface metallic character is even m
evident from Fig. 3, where UPS data in the valence ba
(VB) region are plotted as a function of surface temper
ture. At room temperature, the density of states (DOS)
characterized by the filled dangling-bond surface states
about 0.8 eV binding energy and by further higher-ener
structures, in agreement with previous measurements [1
21]. Upon increasing temperature, the main DOS fe
tures clearly broaden but do not appreciably change
900 K. At about 1000 K and even more at 1200 K, th
main VB structures are deeply modified; in particular,
finite and distinct nonzero DOS is present at the Fer
level, indicatingsurface metallization. This evidence is
consistent with the HREELS observations at the same te
perature. Metallization occurs at the surface, since t
bulk is semiconducting at these temperatures. The DO
assumes a definite metalliclike Fermi edge shape in
1200–1350 K temperature range, still a few tens of K b
low the Si(100) incomplete melting temperature (1400 K
[17]. We briefly point out that incomplete surface meltin
differs from proper surface melting [38] in that the thick
ness of the molten surface layer does uniformly increa
c
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FIG. 3. Valence band ultraviolet (HeI photon energy,
21.2 eV) angle-integrated photoemission data, as a function
the surface temperature. The Fermi level position (measur
on clean metallic Mo in electrical contact with the Si sample
is indicated with a vertical dashed line.

with temperature, but remains constant in a wide temper
ture range. This effect has been predicted for face ce
tered cubic crystals on the basis of thermodynamical an
molecular-dynamics calculations [39]. Among semicon
ductors, it has been theoretically predicted [40] and expe
mentally observed [41–43] at the Ge(111) surface.

What is the origin of thismetallic behavior of the
topmost Si surface layer at relatively low temperature
(T ø Tim)? In our opinion surface metallization is to
be attributed to the flipping and twisting motion of the
Si dimers [13], to electron-phonon interaction and t
the possible partial breaking/rebuilding of dimer bond
(at higher temperatures). The dimer flip-flop motion is
present even at room temperature [13], but above 800
its frequency is so high that the average time spent by t
dimers in a flatinstantaneous symmetriclike configuration
strongly affects the surface electronic structure. In fac
the unoccupied electronic states associated with the A
geometry move to lower energy when considering th
symmetric dimers geometry [1,44], giving rise to a surfac
state crossing the Fermi level in a wide range of th
surface Brillouin zone, forming a metallic surface. Thus
considering the dimers dynamics, the observed first lay
metallization can be mainly ascribed to the time-average
geometry assumed by the dimers during the flip-flop an
twist motion. At higher temperatures (above 1200 K)
possible contribution to the metallic-shaped Fermi edg
could also come from partial breaking/reforming of the
flipping dimers, leaving two partially occupied dangling
bonds per atom (as in the ideal truncated surface) [1
3871
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Nevertheless, the presence of dimers and steps on
Si(100) surface even above 1400 K [16], suggests a min
contribution of this mechanism to the metallization.

It is worth noting the peculiar behavior of the Si(100
surface, due to the dimer dynamics. The dimer flip-flo
and twist motion characterizes the electronic and stru
tural properties of this surface from very low temperature
(80 K) to the incomplete melting transition (1400 K), in-
ducing a series of structural and electronic phase tran
tions: (i) an order-disorder phase transition at,200 K,
where the surface moves from the localcs4 3 2d and
ps2 3 2d symmetries to a nominal (2 3 1) reconstruc-
tion, also modifying the occupied and unoccupied surfac
electronic states [20]; (ii) the semiconductor-metal trans
tion above 1000 K, where the instantaneous symmetr
like flat dimer geometry dominates the surface dielectr
response; (iii) the incomplete melting transition at 1400
with the formation of a molten interface between the crys
talline bulk and vacuum.

In summary, we have shown that the clean Si(100) su
face undergoes a semiconductor-metal transition abo
900 K, well below the incomplete surface melting tem
perature. The metallization, estimated to correspond
a free carrier density equivalent to about 1y3 of the sur-
face dimer density, at 1170 K, is due to the temperatur
induced instantaneous symmetriclike configuration of th
surface Si dimers dynamics.
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