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We use combined variable temperature scanning tunneling microscopy and spectroscopy, and angle-
resolved photoemission spectroscopy experiments to study transition betwegh$i@(100) surface
structures. We observe a reversible temperature-dependent phase transition from a semiconducting
c(4 X 2) surface at 25C to a metallic2 X 1 structure at 400C. This transition results from
temperature-induced disruption of thét X 2) structure composed of alternately up and down dimers
into a structure having all dimers at the same height giving >a 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

Surface reconstructions and phase transitions are widel$iC(100) surface exhibits insteadcéd X 2) reconstruc-
investigated topics by various experimental techniquesion [8,9]. The latter has a very different atomic geometry
and/or theoretical approaches. In fact, their understandrom the low temperature Si(100) and Ge(1@Q®} X 2)
ing is very important from a fundamental aspect but isreconstructions [2—5]. TheB-SiC(100) c(4 X 2) sur-
also very useful to achieve specific surface properties. lface results from dimer rows having alternately up and
contrast to metals, there are very few reversible surfacdown dimers (AUDD model) within the row [8]. This
phase transitions for semiconductors limited to silicon andrery particular atomic arrangement reduces the large sur-
germanium only [1-5]. The low to room temperatureface stress for Si surface atoms which, due to very dif-
reversible transition fronz(4 X 2) to 2 X 1 reconstruc- ferent lattice parameters when compared to Si(100), are
tions for Si(100) and Ge(100) surfaces is of particular in-compressed by=20% [8]. Contrary to previous knowl-
terest and has been intensively investigated as a model casége, the3-SiC(100){2 X 1) reconstruction seems to re-
[1-5]. This phase transition was shown to result fromsult from slight contamination or high defect densities of
switching between anticorrelated to correlated asymmete(4 X 2) surfaces [7—9]. Unlike elemental semiconduc-
ric dimers [2—5]. Also, reversible order-disorder phasetors, no reversible surface phase transition has ever been
transitions such a3 X 7 (8 X 2) to 1 X 1 for Si (Ge) observed so far for compound semiconductors.

(111) surfaces an@ X 1 to 1 X 1 for Si and Ge (100) In this Letter, we use variable temperature scanning
surfaces occur at elevated temperatures [3]. Recently, thanneling microscopy and spectroscopy (VT-STM and
Si(100)-(2 X 1) surface was found to exhibit a metallic- VT-STS), and angle-resolved ultraviolet photoemission
like character above a surface temperature of‘@%ith  spectroscopy (VT-ARUPS) to show evidence of the first
the surface keeping the saex 1 symmetry [6]. This reversible surface phase transition for a compound semi-
metallic transition was shown to result from Si-dimer conductor. This temperature-induced transition occurs for
flipping dynamics [6]. Understanding the mechanismsB-SiC(100) from a semiconducting4 X 2) reconstruc-
leading to surface metallization is indeed a very importantion at 25°C to a metallic2 X 1 one at 400C. Itis found
fundamental issue, as well as being driven by its technato result from the AUDD arrangement disruption leading
logical importance, especially for semiconductor surfacesto a2 X 1 surface with metallization originating from sur-

Silicon carbide (SiC) is a very interesting wide band-gapface atom electronic orbital overlap.

IV-IV compound semiconductor having many advanced The experiments are performed using two different sys-
applications in sensors and electronics, especially for higkems, one with an Omicron VT-STM operating fron230
temperature, high power, high speed, and high voltage dée +900 °C, and the other with an angle resolved CLAM
vices [7]. It is only recently that significant progress has2 (VG) hemispherical electron analyzer and an ultraviolet
been made into the knowledge of its surfaces. Latelyplasma source for photoemission experiments. The pres-
room temperature scanning tunneling microscopy (RTsure in the STM chamber is always4 X 10! torr at
STM), synchrotron radiation photoemission experimentsfoom temperature an@l X 10~'! torr at a 400C sample
and ab initio theoretical calculations have brought very temperature. Inthe photoemission chamber, the base pres-
novel insights about cubicB) SiC(100) surface atomic sure is always=8 X 107!! torr. The surface structure is
geometry [7—12]. Contrary to Si(100) and Ge(100) whichdouble-checked by low energy electron diffraction (LEED)
have stable€ X 1 reconstructions at 2% [1-4], theB-  attached to both systems. A tungsten tip is used (sample
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grounded) for STM and STS while as60 min stabiliza- B-SiC(lOO) C(4X2)
tion time is necessary for temperature-dependent measure- 7 _ C
ments. All STM topographs are obtained by tunneling a) 1 ‘ {\3:\"3?\‘ "

from the filled electronic states of the sample. We were
not able to obtain atom-resolved empty-electronic state
STM topographs. Other experimental details about high
quality B-SiC(100) surface preparation, in particular for
the c(4 X 2) reconstruction, are available elsewhere [8].

We first look at a representative room temperature (RT)
100 A X 100 A STM topograph (filled states) of the
c(4 X 2) surface [Fig. 1(a)] exhibiting the characteristic
B-SiC(100) c(4 X 2) surface pseudohexagonal pattern
with each spot representing a Si dimer as shown in our
previous RT-STM study [8]. The corresponding LEED ' >N .
photograph is also shown at the bottom right-hand corner AN i
of Fig. 1(a). T=25°C

Next, we investigate the effect of temperature on surface
ordering by maintaining the sample at high temperatures.
Figure 1(b) displays d00 A x 100 A STM topograph
for a surface temperature of 400 with the corresponding
LEED photograph displayed as an inset at the bottom
right-hand corner. At this temperature, the LEED pattern
clearly arises from & X 1 surface reconstruction. The
STM topograph shows that the corrugation somewhat
deteriorates along dimer rows, suggesting an arrangement
characteristic of & X 1 ordering (as observed for defect-
induced2 X 1 domains [8]), in agreement with the LEED
pattern. The observation of 2 X 1 LEED pattern at
400°C indicates a long range surface ordering. When
following the LEED pattern starting from2a X 1 array (at
400°C) and letting the surface cool, one can observe the
appearance of additional diffuse large spots giving rise to
the full c(4 X 2) LEED pattern when the surface is back at
RT. Similarly, the STM topograph correlates with LEED
observation and shows@4 X 2) surface reconstruction
when the surface is cooled to RT. These features indicateig. 1. 100 A x 100 A STM topographs (filled states):
the reversible nature of this phase transition. (a) B-SiC(100)c(4 x 2) at 25°C and (b)B-SiC(100){2 X 1)

To get deeper insights about this interestigy X 2) < at 400°C. The tip bias wast3.2 eV at a 0.12 nA tunneling
2 x I'reversble phase ansiion, we explore the elecI Tl 6 responang LEED procaratiy "0 e
tronic properti_es by scanning tunneling spectroscop)?a) and (b) v?/ithyarrows indicating the x 1Sp0%8'
(STS), which is a very powerful tool to probe surface
insulating vs metallic behavior [2]. We perforthV
measurements at RT and at £4@) at tip to sample bias in Additional information about this striking temperature-
the —4 to +4 V range. Figure 2 exhibits sudhV char- induced c(4 X 2) & 2 X 1 phase transition could be
acteristics for thec(4 X 2) (25°C) and2 X 1 (400°C) found by looking at the electronic properties. However,
surface reconstructions. Such curves represent an averailpe electronic structure of thg-SiC(100)c(4 X 2) sur-
of I-V curves measured at 3 A grid spacings over thdace reconstruction has basically never been investigated
100 A X 100 A surface. Thec(4 X 2) I-V curve @) either experimentally or theoretically. We have there-
recorded at 28C exhibits an~=1.7 V horizontal flat sec- fore comprehensively studied the electronic structure of
tion (the bulk8-SiC gap is 2.3 eV [7]), clearly indicating this c(4 X 2) surface reconstruction by ARUPS [13]. Of
the surface semiconducting nature. In strong contrasparticular interest to the scope of the present work is an
the 2 X 1 I-V curve ) recorded at 400C is almost electronic surface state specific of thét X 2) recon-
linear and does not show any measurable gap. This vestruction [13]. Figure 3 displays a representative valence
interesting feature indicates that the temperature-induceidand spectrum recorded at°1@ff-normal emission along
2 X 1 surface reconstruction has a metallic characterthe (110) direction showing an electronic state located at
thereby explaining the observed decrease in corrugatioh.3 eV below the Fermi level. This electronic state is de-
for the2 X 1 STM topograph [Fig. 1(b)]. stroyed at a low oxygen exposure (Fig. 3) and exhibits
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FIG. 3. Representative ARUP spectrum at® 1&#f normal
FIG. 2. Tunneling current vs voltage ST®-V) for (a) 8- emission along thg110) direction recorded forB3-SiC(100)
SiC(100) c(4 X 2) at 25°C and ) B-SiC(100)¢2 X 1) at  c(4 X 2) surfaces: (i) clean (top) and (i) after a 50,
400°C. Each curve represents an average of 1000 (1 L = I langmuir= 10"° Torrseg exposure (bottom). The
characteristics recorded on a grid by equal steps all over thphoton energy is 21.2 eV. The specitit X 2) surface state
100 A x 100 A surface. Both curves were recorded using thelocated at a 1.3 eV binding energy, which shows the same
same tip to sample distance. The sample is grounded. energy dispersion v&; for different photon energies (16.85
and 21.2 eV) [13], is destroyed by lo@, exposures.

the same energy dispersion Mgfor different photon en-
ergies (He | at 21.2 eV and Ne | at 16.85 eV) [13] which[Fig. 1(b)] in which all dimers are on average at the
indicate that this 1.3 eV spectral feature is a surface statsame height (Fig. 5). In this configuration, the distance
Since this surface state is characteristic of &t X 2)  between Si dimers belonging to the same row would be
reconstruction [13], one can expect it to be dramaticallydecreased to its minimum value at 3.08 A. This would
affected by any structural change, such as phase transit turn significantly increase the overlap between surface
tion. We now study the behavior of this surface stateatom electronic orbitals favoring a metallic character of
from 400 to 25°C to get additional information about this this surface as observed by STS. Such a mechanism would
temperature-induced(4 X 2) < 2 X 1 transition. Pho- induce a significant electronic redistribution within the top
toemission spectra in Fig. 4 are recorded in a region cersilayer, thus explaining quenching of th@ X 2) surface
tered around 1.3 eV binding energy. We start from thestate (Fig. 4).
2 X 1 reconstruction at a surface temperature of 4D0 The behavior of the Si(10QR X 1) surface at high
and let the surface cool to 28 until a ¢(4 X 2) sur- temperatures is also of special interest in the present con-
face reconstruction is again observed. While no similatext [6]. In this case, a surface temperature=ef25 °C
surface state is seen at 4D for the metallic2 X 1 sur-  results in asymmetric dimer flipping around a symmetric
face, it is developing (already from spectrum #2 in Fig. 4,dimer position (with the sam& X 1 LEED pattern)
i.e., just after initial temperature decrease) when coolleading to dynamically induced surface metallization [6].
ing until 25°C, showing the same shape specific of theA similar mechanism involving dynamically induced
semiconductinge(4 X 2) surface. This behavior corre- metallization cannot be ruled out here for {BeSiC(100)-
lates with thec(4 X 2) < 2 X 1 reversible phase transi- (2 X 1) surface at 400C, probably with different vi-
tion. The gradual increase of thé4 X 2) surface state bration modes. However, it is interesting to remark
intensity with decreasing temperatures suggests that ttthat the present temperature-indugeSiC(100) surface
2 X 1 & c(4 X 2) transition is not sharp, likely implying metallization results from a structura{4 X 2) to 2 X 1
the existence of mixed(4 X 2) and2 X 1 domains. reversible phase transition, unlike the Si(10D)X 1)

Our results above support a picture of temperaturesurface which maintains the sameXx 1 symmetry for
induced semiconducting4 X 2) < metallic2 X 1 phase both semiconducting and metallic states [6].
transition for theB-SiC(100) surface. Starting from the  Cooling the 8-SiC(100){2 X 1) surface down to RT
RT c(4 X 2) AUDD structure, increasing temperaturesleads to the original AUDD arrangement for Si dimers
induce vibrational effects leading to tieX 1 surface associated with the semiconductin@} X 2) reconstruc-
arrangement observed by VT-STM and LEED at 400 tion. The corresponding appearance of th@ X 2)
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FIG. 4. ARUP spectra for Si-terminatggSiC(100) recorded Grenoble) for providing3-SiC(100) samples.
at various surface temperatures in the region centered around
the ¢(4 X 2) surface state shown in Fig. 3. The spectra
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