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Temperature-Induced Semiconductingcsss4 3 2ddd , Metallic sss2 3 1ddd Reversible
Phase Transition on theb-SiC(100) Surface
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We use combined variable temperature scanning tunneling microscopy and spectroscopy, and ang
resolved photoemission spectroscopy experiments to study transition between twob-SiC(100) surface
structures. We observe a reversible temperature-dependent phase transition from a semiconduct
cs4 3 2d surface at 25±C to a metallic 2 3 1 structure at 400±C. This transition results from
temperature-induced disruption of thecs4 3 2d structure composed of alternately up and down dimers
into a structure having all dimers at the same height giving a2 3 1 symmetry. This arrangement
favors electronic orbital overlap between Si top surface atoms leading to surface metallization
[S0031-9007(97)04495-5]

PACS numbers: 68.35.Rh, 61.16.Ch, 79.60.Bm
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Surface reconstructions and phase transitions are wid
investigated topics by various experimental techniqu
and/or theoretical approaches. In fact, their understa
ing is very important from a fundamental aspect but
also very useful to achieve specific surface properties.
contrast to metals, there are very few reversible surfa
phase transitions for semiconductors limited to silicon a
germanium only [1–5]. The low to room temperatur
reversible transition fromcs4 3 2d to 2 3 1 reconstruc-
tions for Si(100) and Ge(100) surfaces is of particular i
terest and has been intensively investigated as a model
[1–5]. This phase transition was shown to result fro
switching between anticorrelated to correlated asymm
ric dimers [2–5]. Also, reversible order-disorder pha
transitions such as7 3 7 s8 3 2d to 1 3 1 for Si (Ge)
(111) surfaces and2 3 1 to 1 3 1 for Si and Ge (100)
surfaces occur at elevated temperatures [3]. Recently,
Sis100d-s2 3 1d surface was found to exhibit a metallic
like character above a surface temperature of 625±C with
the surface keeping the same2 3 1 symmetry [6]. This
metallic transition was shown to result from Si-dime
flipping dynamics [6]. Understanding the mechanism
leading to surface metallization is indeed a very importa
fundamental issue, as well as being driven by its techn
logical importance, especially for semiconductor surfac

Silicon carbide (SiC) is a very interesting wide band-ga
IV-IV compound semiconductor having many advance
applications in sensors and electronics, especially for h
temperature, high power, high speed, and high voltage
vices [7]. It is only recently that significant progress ha
been made into the knowledge of its surfaces. Late
room temperature scanning tunneling microscopy (R
STM), synchrotron radiation photoemission experimen
and ab initio theoretical calculations have brought ver
novel insights about cubic (b) SiC(100) surface atomic
geometry [7–12]. Contrary to Si(100) and Ge(100) whic
have stable2 3 1 reconstructions at 25±C [1–4], theb-
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SiC(100) surface exhibits instead acs4 3 2d reconstruc-
tion [8,9]. The latter has a very different atomic geomet
from the low temperature Si(100) and Ge(100)cs4 3 2d
reconstructions [2–5]. Theb-SiC(100) cs4 3 2d sur-
face results from dimer rows having alternately up a
down dimers (AUDD model) within the row [8]. This
very particular atomic arrangement reduces the large s
face stress for Si surface atoms which, due to very d
ferent lattice parameters when compared to Si(100),
compressed byø20% [8]. Contrary to previous knowl-
edge, theb-SiC(100)-s2 3 1d reconstruction seems to re
sult from slight contamination or high defect densities
cs4 3 2d surfaces [7–9]. Unlike elemental semicondu
tors, no reversible surface phase transition has ever b
observed so far for compound semiconductors.

In this Letter, we use variable temperature scanni
tunneling microscopy and spectroscopy (VT-STM an
VT-STS), and angle-resolved ultraviolet photoemissio
spectroscopy (VT-ARUPS) to show evidence of the fir
reversible surface phase transition for a compound se
conductor. This temperature-induced transition occurs
b-SiC(100) from a semiconductingcs4 3 2d reconstruc-
tion at 25±C to a metallic2 3 1 one at 400±C. It is found
to result from the AUDD arrangement disruption leadin
to a2 3 1 surface with metallization originating from sur
face atom electronic orbital overlap.

The experiments are performed using two different sy
tems, one with an Omicron VT-STM operating from2230
to 1900 ±C, and the other with an angle resolved CLAM
2 (VG) hemispherical electron analyzer and an ultravio
plasma source for photoemission experiments. The pr
sure in the STM chamber is always#4 3 10211 torr at
room temperature and9 3 10211 torr at a 400±C sample
temperature. In the photoemission chamber, the base p
sure is always#8 3 10211 torr. The surface structure is
double-checked by low energy electron diffraction (LEED
attached to both systems. A tungsten tip is used (sam
© 1997 The American Physical Society
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grounded) for STM and STS while anø60 min stabiliza-
tion time is necessary for temperature-dependent meas
ments. All STM topographs are obtained by tunnelin
from the filled electronic states of the sample. We we
not able to obtain atom-resolved empty-electronic sta
STM topographs. Other experimental details about hi
quality b-SiC(100) surface preparation, in particular fo
thecs4 3 2d reconstruction, are available elsewhere [8].

We first look at a representative room temperature (R
100 Å 3 100 Å STM topograph (filled states) of the
cs4 3 2d surface [Fig. 1(a)] exhibiting the characteristi
b-SiC(100) cs4 3 2d surface pseudohexagonal patter
with each spot representing a Si dimer as shown in o
previous RT-STM study [8]. The corresponding LEED
photograph is also shown at the bottom right-hand corn
of Fig. 1(a).

Next, we investigate the effect of temperature on surfa
ordering by maintaining the sample at high temperatur
Figure 1(b) displays a100 Å 3 100 Å STM topograph
for a surface temperature of 400±C with the corresponding
LEED photograph displayed as an inset at the botto
right-hand corner. At this temperature, the LEED patte
clearly arises from a2 3 1 surface reconstruction. The
STM topograph shows that the corrugation somewh
deteriorates along dimer rows, suggesting an arrangem
characteristic of a2 3 1 ordering (as observed for defect
induced2 3 1 domains [8]), in agreement with the LEED
pattern. The observation of a2 3 1 LEED pattern at
400±C indicates a long range surface ordering. Whe
following the LEED pattern starting from a2 3 1 array (at
400±C) and letting the surface cool, one can observe t
appearance of additional diffuse large spots giving rise
the full cs4 3 2d LEED pattern when the surface is back a
RT. Similarly, the STM topograph correlates with LEED
observation and shows acs4 3 2d surface reconstruction
when the surface is cooled to RT. These features indic
the reversible nature of this phase transition.

To get deeper insights about this interestingcs4 3 2d ,

2 3 1 reversible phase transition, we explore the ele
tronic properties by scanning tunneling spectrosco
(STS), which is a very powerful tool to probe surfac
insulating vs metallic behavior [2]. We performI-V
measurements at RT and at 400±C, at tip to sample bias in
the 24 to 14 V range. Figure 2 exhibits suchI-V char-
acteristics for thecs4 3 2d (25±C) and 2 3 1 (400±C)
surface reconstructions. Such curves represent an ave
of I-V curves measured at 3 Å grid spacings over th
100 Å 3 100 Å surface. Thecs4 3 2d I-V curve (a)
recorded at 25±C exhibits anø1.7 V horizontal flat sec-
tion (the bulkb-SiC gap is 2.3 eV [7]), clearly indicating
the surface semiconducting nature. In strong contra
the 2 3 1 I-V curve (b) recorded at 400±C is almost
linear and does not show any measurable gap. This v
interesting feature indicates that the temperature-induc
2 3 1 surface reconstruction has a metallic charact
thereby explaining the observed decrease in corrugat
for the2 3 1 STM topograph [Fig. 1(b)].
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FIG. 1. 100 Å 3 100 Å STM topographs (filled states):
(a) b-SiC(100)cs4 3 2d at 25±C and (b)b-SiC(100)-s2 3 1d
at 400±C. The tip bias was13.2 eV at a 0.12 nA tunneling
current. The corresponding LEED photographssEp  60 eVd
are also displayed as insets at the bottom right-hand corner
(a) and (b) with arrows indicating the1 3 1 spots.

Additional information about this striking temperature-
induced cs4 3 2d , 2 3 1 phase transition could be
found by looking at the electronic properties. However
the electronic structure of theb-SiC(100)cs4 3 2d sur-
face reconstruction has basically never been investigat
either experimentally or theoretically. We have there
fore comprehensively studied the electronic structure
this cs4 3 2d surface reconstruction by ARUPS [13]. Of
particular interest to the scope of the present work is a
electronic surface state specific of thecs4 3 2d recon-
struction [13]. Figure 3 displays a representative valenc
band spectrum recorded at 12± off-normal emission along
the k110l direction showing an electronic state located a
1.3 eV below the Fermi level. This electronic state is de
stroyed at a low oxygen exposure (Fig. 3) and exhibit
3701
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FIG. 2. Tunneling current vs voltage STSsI-V d for (a) b-
SiC(100) cs4 3 2d at 25±C and (b) b-SiC(100)-s2 3 1d at
400±C. Each curve represents an average of 1000I-V
characteristics recorded on a grid by equal steps all over
100 Å 3 100 Å surface. Both curves were recorded using th
same tip to sample distance. The sample is grounded.

the same energy dispersion vskk for different photon en-
ergies (He I at 21.2 eV and Ne I at 16.85 eV) [13] whic
indicate that this 1.3 eV spectral feature is a surface sta
Since this surface state is characteristic of thecs4 3 2d
reconstruction [13], one can expect it to be dramatica
affected by any structural change, such as phase tra
tion. We now study the behavior of this surface sta
from 400 to 25±C to get additional information about this
temperature-inducedcs4 3 2d , 2 3 1 transition. Pho-
toemission spectra in Fig. 4 are recorded in a region ce
tered around 1.3 eV binding energy. We start from th
2 3 1 reconstruction at a surface temperature of 400±C,
and let the surface cool to 25±C until a cs4 3 2d sur-
face reconstruction is again observed. While no simil
surface state is seen at 400±C for the metallic2 3 1 sur-
face, it is developing (already from spectrum #2 in Fig.
i.e., just after initial temperature decrease) when co
ing until 25±C, showing the same shape specific of th
semiconductingcs4 3 2d surface. This behavior corre-
lates with thecs4 3 2d , 2 3 1 reversible phase transi-
tion. The gradual increase of thecs4 3 2d surface state
intensity with decreasing temperatures suggests that
2 3 1 , cs4 3 2d transition is not sharp, likely implying
the existence of mixedcs4 3 2d and2 3 1 domains.

Our results above support a picture of temperatur
induced semiconductingcs4 3 2d , metallic 2 3 1 phase
transition for theb-SiC(100) surface. Starting from the
RT cs4 3 2d AUDD structure, increasing temperature
induce vibrational effects leading to the2 3 1 surface
arrangement observed by VT-STM and LEED at 400±C
3702
the
e

h
te.

lly
nsi-
te

n-
e

ar

4,
ol-
e

the

e-

s

FIG. 3. Representative ARUP spectrum at 12± off normal
emission along thek110l direction recorded forb-SiC(100)
cs4 3 2d surfaces: (i) clean (top) and (ii) after a 5 LO2
s1 L  1 langmuir 1026 Torr secd exposure (bottom). The
photon energy is 21.2 eV. The specificcs4 3 2d surface state
located at a 1.3 eV binding energy, which shows the sam
energy dispersion vskk for different photon energies (16.85
and 21.2 eV) [13], is destroyed by lowO2 exposures.

[Fig. 1(b)] in which all dimers are on average at the
same height (Fig. 5). In this configuration, the distanc
between Si dimers belonging to the same row would b
decreased to its minimum value at 3.08 Å. This woul
in turn significantly increase the overlap between surfa
atom electronic orbitals favoring a metallic character o
this surface as observed by STS. Such a mechanism wo
induce a significant electronic redistribution within the to
Si layer, thus explaining quenching of thecs4 3 2d surface
state (Fig. 4).

The behavior of the Si(100)-s2 3 1d surface at high
temperatures is also of special interest in the present co
text [6]. In this case, a surface temperature ofø625 ±C
results in asymmetric dimer flipping around a symmetri
dimer position (with the same2 3 1 LEED pattern)
leading to dynamically induced surface metallization [6
A similar mechanism involving dynamically induced
metallization cannot be ruled out here for theb-SiC(100)-
s2 3 1d surface at 400±C, probably with different vi-
bration modes. However, it is interesting to remar
that the present temperature-inducedb-SiC(100) surface
metallization results from a structuralcs4 3 2d to 2 3 1
reversible phase transition, unlike the Si(100)-s2 3 1d
surface which maintains the same2 3 1 symmetry for
both semiconducting and metallic states [6].

Cooling theb-SiC(100)-s2 3 1d surface down to RT
leads to the original AUDD arrangement for Si dimer
associated with the semiconductingcs4 3 2d reconstruc-
tion. The corresponding appearance of thecs4 3 2d
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FIG. 4. ARUP spectra for Si-terminatedb-SiC(100) recorded
at various surface temperatures in the region centered aro
the cs4 3 2d surface state shown in Fig. 3. The spectr
are recorded during sample cooling from 400±C (2 3 1
reconstruction) and to 25±C [cs4 3 2d reconstruction]. Time
intervals between spectra are, respectively, 8 sec betwe
curves #1–#10, 80 sec between curves #10 and #11, a
45 min between curves #11 and #12. The photon energy
21.2 eV.

related electronic surface state (Fig. 4) further demo
strates that this behavior is correlated to the pha
transition. One should also notice that the2 3 1 sur-
face reconstruction is achieved at the rather low surfa
temperature of 400±C. Interestingly, our recentab initio
calculations show that theb-SiC(100)cs4 3 2d and the
2 3 1 structures have a very small energy difference
few kT ), despite significant differences in atomic height
[14]. This indicates the rather low energy necessary
initiate this transition leading to the2 3 1 metallic surface
reconstruction observed at 400±C.

In conclusion, we provide evidence of the first reversib
surface phase transition for a compound semicondu
tor. A temperature-induced semiconductingcs4 3 2d ,

metallic 2 3 1 reversible phase transition is observed fo
the b-SiC(100) surface by variable temperature scannin
tunneling microscopy and spectroscopy, and by ang
resolved ultraviolet photoemission experiments. This tra
sition results from the disruption of thecs4 3 2d surface
reconstruction in the AUDD arrangement leading to a
dimers having the same height. Subsequent electro
orbital overlap between surface Si atoms, in which su
face vibrations also play a role, is at the origin of surfac
metallization.
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FIG. 5. Schematic of the reversibleb-SiC(100) surface phase
transition from a semiconductingcs4 3 2d reconstruction hav-
ing dimer rows of up and down dimers (AUDD) to a2 3 1
metallic one having all dimers at the same height. The corr
sponding surface unit cells are also indicated.
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