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Origin of ordered two-dimensional structure of Si(337)-4 X1 transformed from Si(5 5§ 12)-2X1
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Through combined studies using scanning tunneling microscopy (STM) and high-energy-resolution synchro-
tron photoemission, the origin of irreversible structural transformation from Si(5 5 12)-2X 1 to Si(337)-4
X1 with (113) facets has been investigated. From the C-dosed Si(5 5 12) surface, it has been found by STM
that the transformation from (5 5 12) to (337) starts from a tetramer (T) row and a m-bonded () chain in the
(5 5 12) surface, and simultaneously the rest part of (55 12) converts to T rows and 7 chains, which will be
transformed to (337) with additional Si atoms. By Si2p and C 1s core-level photoemission studies using
synchrotron radiation on the identical system, it has been confirmed that such an irreversible structural trans-
formation is due to subsurface C atoms. If the (337) terrace is only composed of T rows and 7 chains with a
2X periodicity, the compressive stress exists so that the (337) terrace becomes unstable. However, subsurface
C atoms release this compressive stress through breaking one-dimensional structures and induce a stable

surface composed of 4 X 1 dotlike structures with additional Si atoms.
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I. INTRODUCTION

Among stable high-index Si surfaces between (001) and
(I11) planes, the reconstructed Si(5 5 12)-2 X 1 is known to
have planar, single-domain, and one-dimensional (1D) struc-
tures with a long periodicity of 5.35 nm perpendicular to the

[110] direction.”2 So, Si(5 5 12)-2 X 1 is expected to be used
as a template for the growth of 1D nanostructure!*-!! and
high-quality heteroepitaxial films.'? A big obstacle, however,
is in its instability that the Si(5 5 12)-2 X 1 is easily faceted
to (7 7 17), (337), (113), (112), (335), (225), (55 11), (7 7
15), etc. by deposited materials®>~'!3 or by external stress.'*
On the other hand, under a specific condition of flashing the
Si(5 5 12) surface to remove native-oxide layer during clean
surface preparation, the surface is often faceted to (337) and
(113), and the (337) is reconstructed to a two-dimensionally
(2D) ordered 4 X 1 structure. Interestingly, such an irrevers-
ible structural transformation is not always detected. Once
the surface is transformed to (337)-4 X 1, it becomes very
stable. Similar phenomena induced just by thermal treatment
during preparation of the reconstructed surfaces have also
been reported in the transformation from Si(001)-2X 1 to
Si(001)-c(4x4) as well as from Si(114)-2X1: A phase
[composed of dimer (D), rebonded-atom (R), and tetramer
(T) rows] to Si(114)-2 X 1: B phase (composed of D-T-T
rows).!>1 Up to now, the origin of such irreversible struc-
tural transformation is thought to be due to stress induced by
subsurface C impurity, which is confirmed by direct carbon
detection!”"!® or by induced reconstruction transformation by
intentional C injection using graphite,'*?° SiC,2'?> or
Csz/C2H4. 15,2328

In the present study, using scanning tunneling microscopy
(STM) and high-resolution synchrotron photoemission spec-
troscopy experiments, the origin of such structural transfor-
mation from 1D Si(5512)-2X1 to 2D Si(337)-4 X1 has
been investigated by dosing C,H, gas as well as Si evapora-
tion on the clean Si(5 5 12)-2X 1.
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II. EXPERIMENTAL

A Si(5 5 12) substrate of size 13X 3 X 0.3 mm?® was cut
from an n-type (P-doped) wafer and degreased with organic
solvents in air. It was mounted on a molybdenum sample
holder and introduced in an ultrahigh vacuum (UHV) cham-
ber of a base pressure 2 X 107'0 Torr. Then it was outgassed
at 700 °C for 12 h. After outgassing, the substrate was
flashed at about 1150 °C by resistive heating to remove the
native-oxide layer. Each flashing period was kept below
three seconds for preventing the pressure from soaring over
3% 107! Torr and the accumulated flashing period was
about 5 min. When flashing was completed, the surface was
reconstructed by slow cooling from 900 °C to room tem-
perature (RT) at a rate of 1° s~!. Finally, to remove intrinsic
C impurities, the sample was oxidized with 1 X 107 Torr O,
at 650 °C and flashed about 1150 °C. As an external C
source, C,H, gas was dosed on the Si(5 5 12) surface held at
650 °C. The amount of the dosed C,H, molecules was con-
trolled by varying the exposure period at 1 X 107 Torr. Af-
ter C,H, exposure, the sample was additionally annealed at
750 °C for 3 min in order to thermally dissociate C,H, and
incorporate C into Si(55 12).2° Then, the substrate was
flashed at 1150 °C for 3 min to remove remaining clusters
on the substrate and cooled down from 900 °C to RT at a
rate of 1° s7!.

Error-signal STM images were acquired in the constant-
current mode (/ypneling=0.5 nA) at RT. They are obtained by
recording the difference between the set current and the mea-
sured current controlling the z-axis motion in the feedback
mode in order to single out the intensity variation.’ The
Si2p and C 1s core levels were obtained at the 8A2 undu-
lator beam line of Pohang Accelerator Laboratory in Korea
using a high-resolution electron analyzer, Scienta 3000, at
RT.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a topographic STM image of the
Si(5 5 12) surface obtained by flashing at 1150 °C for 5 min
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FIG. 1. (Color online) [(a)—(c)] Filled-state topography STM images showing structural transformation from Si(55 12)-2X1 to
Si(337)-4 X 1 induced by flashing only at 1150 °C. [(d)—(f)] Magnified images of (a)—(c), respectively. (a) Initial (5 5 12) terraces with (6
9 17) facets. The inset error-signal image shows a boundary between a (6 9 17) facet and a (5 5 12) terrace. (b) The image in a transitional
period from (5 5 12) to (337), obtained after annealing at 1150 °C for 3 min. White lines on (5 5 12) terraces grow from the (6 9 17) facets.
(c) Fully converted (337) terraces having (113) facets, obtained after annealing at 1150 °C for 6 min. The inset error-signal STM image
shows a Si(113)-3 X2 between two (337) terraces. (d) One period of Si(55 12)-2X 1 terrace consists of a (225) subunit and two (337)
subunits. Four kinds of 1D structures of H chains, 7 chains, D-A rows, and T rows are shown. (e) White lines in (b) consist of (337)-4
X 1. A line profile along the black arrow is shown in the inset. Blue (dark gray) and red (gray) rectangles designate unit cells of
(5512)-2X 1 and (337)-4 X 1, respectively. (f) Terrace of (337)-4 X 1. Additional features are marked by circles.

followed by slow cooling for reconstruction. It shows
Si(5 5 12) terraces having both (6 9 17) and (113) facets.?' In
the inset of Fig. 1(a), one part of the boundary between a (6
9 17) facet and a (5 5 12) terrace is magnified. At the lower
terrace of Si(5 5 12), it can be found that 1D features start to
grow from the (6 9 17) facet toward the (55 12) terrace.
After additional flashing for 3 min followed by slow cooling
for reconstruction, the straight (6 9 17) facet has been
changed to a saw-toothlike facet, as shown in Fig. 1(b).
White lines along the [110] direction reach at the (6 9 17)
facets in the upper terrace of (5 5 12). After additional 3-min
flashing the sample shown in Fig. 1(b) and reconstruction,
the whole terrace is finally converted to a new plane com-
posed of Si(113)-3 X2 facets parallel to the [110] direction,
instead of (6 9 17) facets, and (337) terraces as shown in Fig.
1(c).>? One of these (113) facets is shown in the inset of Fig.
1(c). Tt can be found that the (5 5 12) terrace is fully covered
with these 1D features.

In order to analyze these conversions shown in Figs.
1(a)-1(c), their magnified topographic images of terraces are
shown in Figs. 1(d)-1(f), respectively. Figure 1(d) shows one
Si(5 5 12)-2X 1 unit [The blue (dark gray) rectangle repre-
sents a unit cell of Si(55 12)-2X 1] is composed of one
(225) [more precisely, (4 4 10); unless all of three indices are
odd numbers, the indices should be multiplied by two] sub-

unit and two (337) subunits. One period along the [665]

direction of bulk terminated (337) can be considered as one
(112) [more precisely, (224)] and one (113). One (112) is
reconstructed to either a 7r-bonded (77) chain or a honeycomb
(H) chain, and one (113) to either a tetramer (T) row or a
dimer-adatom (D-A) row. One (337) subunit with a tetramer
row [T(337)] is composed of a 7 and a T; the other (337)
with a dimer-adatom row [D(337)] is composed of an H and
a D-A; and the remaining (225) subunit can be considered as
one (337) plus one (113) and is reconstructed to a D(337)
and a T row.>? Broken 1D defects, shown only in the 7 chain
(marked by white arrows), are indicators to distinguish the 7
chain from the H chain, as shown in Fig. 1(d). Figure 1(e), a
magnified image of Fig. 1(b), shows how the new line fea-
ture evolves from Si(5 5 12)-2X 1. Comparing it with the
remaining Si(5 5 12)-2 X 1, a row (T or D-A) and a chain (7
or H) become a dotlike row, which means the basic period

perpendicular to the [110] direction is 1.57 nm that of a

(337) unit. And its period along the [110] direction is 4X
twice that of the D-A row, as marked by small white bars and
letters “2X.” As a result, the new dotlike structures are de-
duced to be (337)-4 X 1 and its unit cell is designated by one
rectangle whose size is 1.54 nm X 1.57 nm. Since one
(55 12) unit corresponds three (337) units and one (113), as
marked by red (gray) and blue (dark gray) bars, every three
(337)’s should have one (113) as surplus. We can see broken
1D defects (marked by white arrows) on all chains like those
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found on the 7 chain in Fig. 1(d). In addition, from the line
profile following the black arrow in Fig. 1(e), it can be found
that the height of dotlike (337)-4 X 1 is larger than that of the
original (5 5 12)-2 X 1 by about 0.1 nm, which means that it
needs additional Si atoms. These Si atoms are thought to be
supplied from dissolved (6 9 17) facets. In fact, looking care-
fully at the inset in Fig. 1(a), dotlike features start from the
(6 9 17) facet and expand for themselves at the lower terrace
of (55 12) up to the end of the terrace as shown in Fig. 1(b).
The boundary between the facet and the terrace is drawn
with a red (gray)-dotted line in the inset of Fig. 1(a). The
dotlike feature in (6 9 17) facets had already been reported as

a unit cell composed of four (337) unit cells along the [110]
direction with a 3 (011) step.?' In Fig. 1(f), the fully trans-
formed (337)-4 X1 is shown. Residual (113) steps in Fig.
1(e) were bunched to (113)-3 X2 facets, as shown in Fig.
1(c).

Once the whole surface structure is converted to
Si(337)-4 X 1, the (5 5 12)-2 X 1 surface cannot be recovered
only by flashing at elevated temperatures, which indicates
that this Si(337)-4 X 1 is thermally stable. After oxidizing
Si(337)-4 X 1 under 600 L of O, exposure (that is, 10 Torr
O, for 10 min) and flashing it at 1150 °C for 3 min, it is
found that this Si(337)-4X1 partially returns to
Si(5512)-2X 1. Repeating this process, the original
Si(5 5 12)-2 X 1 has been gradually recovered in the reverse
order, that is, from the surface like Fig. 1(c) to that like Fig.
1(a). After about 10 000 L of O, exposure and flashing, any
dotlike structure has not been detected even near (6 9 17)
facets. Once (5 5 12)-2X 1 is recovered in this way, it would
not be transformed to (337)-4 X 1 by annealing at elevated
temperatures. Such experimental evidences imply that sub-
surface impurities are closely related to conversion of
Si(5512)-2% 1 to Si(337)-4 X 1.

As mentioned earlier, from the magnified image of a (6 9
17) facet shown in the inset of Fig. 1(a), the dotlike structure
starts growing from the (6 9 17) facet at the lower terrace of
(5512). In order to confirm that this dotlike (337)-4X 1
structure needs additional Si atoms, 0.01 nm of Si were de-
posited on the sample held at 500 °C. A filled-state STM
image (error signal) and an empty-state STM image (error
signal) of the same area [enclosed by blue (dark gray) rect-
angles] on this surface are shown in Figs. 2(a) and 2(b),
respectively. The (337)-4 X 1 rows shown in the middle of a
terrace deserve special mention. In the case of Fig. 1(b),
these dotlike structures grow from (6 9 17) steps. In addition,
they are different from either @w/H chains or T/D-A rows
formed on the clean Si(5 5 12)-2 X1 surface in homoepit-
axy at 500 °C or 550 °C.3*¥ In the empty-state image of
the present bias condition, two kinds of chains and rows are
clearly distinguished: 7 chains look smoother than H chains
with distinct 1X features and have defects marked with
white arrows; T rows have clearer dark lines in the middle

along the [110] direction than D-A rows which can host
addimers. These images imply that the transformation from
(5512)-2X1 to (337)-4 X 1 starts always from the T row in
a (225) and the 7 chain in the nearest T(337), as marked by
numbers “1’s.” For this transformation, the inset in Fig. 2(a),
the corresponding topographic image, says that additional Si
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FIG. 2. (Color online) STM images (error signal) of the
Si(5 5 12) surface having both (55 12)-2 X 1 and (337)-4 X 1, ob-
tained after 0.01 nm of Si deposition on the sample. (a) Filled-state
image. (b) Empty-state image. Blue (dark gray) rectangles in (a)
and (b) designate the same area. The inset in (a) is the correspond-
ing topographic image. Red (gray)-dotted rectangles in (a) and (b)
represent two unit cells of (337)-4X 1. T: tetramer row,
m-bonded chain, D-A: dimer-adatom row, and H: honeycomb chain.

atoms are needed, in that the (337)-4 X 1 area is higher than
the (55 12)-2X 1 area. Then, the neighboring D(337) (=H
+D-A) is converted to a T(337) (=m7+T) as shown in the
section designated by two red (gray)-dotted bars in Figs. 2(a)
and 2(b), which means that the previously formed (337)-4
X1 row is under tensile strain and applies compressive stress

to the neighboring D(337) along the [665] direction.’® This
just changed 7 together with the T row in the T(337) is
transformed to a new (337)-4 X 1 row, as marked by num-
bers “2’s.” This causes the H chain and the D-A row in the
nearest neighbor to be changed to a 7 chain and a T row [in
the section designated by two blue (dark gray)-dotted bars
and marked by numbers “3’s.” in Figs. 2(a) and 2(b)], which
will be transformed into a (337)-4 X 1 row with additional Si

atoms. In this way, (337)-4X 1 is expanded to the [665]
direction. Such expansion mechanism of the (337)-4 X 1 row
is confirmed by the fact that the (337)-4 X 1 row formed at
the T row in the (225) and the 7 chain in the T(337) of
Si(5 5 12)-2 X 1 is longer than the others. A unit cell marked
by red (gray)-dotted rectangles appears such as four protru-
sions in the filled-state image and two ovals in the empty-
state image. In addition, these STM images show that the
precursor of a (337)-4X 1 row is a T row and a 7 chain.
Defects appearing on the chains, marked with white arrows,
also suggest that transformation from H chain to 7 chain is
needed for making (337)-4 X1 since such defects are not
detected from H chains on Si(5 5 12)-2 X 1.

It has been reported that the clean Si(337) surface is un-
stable and it facets into Si(55 12) and Si(111).36-3% Espe-
cially, the Si(337) surface composed of only T(337) is un-
stable since it is under strong compressive strain.?® On the
other hand, for the case of Si(5 5 12), one (225) [=H+D-A
+T], one compressive T(337) [=7+T], and one tensile
D(337) [=H+D-A] subunits in one period of Si(55 12)-2
X 1 are under stress balance for themselves so the Si(5 5 12)
surface becomes stable.’> Narrow Si(337) terraces are com-
posed of D(337)’s along with one (225) and one T(337).2 So,
for stability of wide (337) terrace, it needs another kind of
atom which can induce stress balance. Similar to this, novel
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FIG. 3. (Color online) (a) Topographic and (b) error-signal
filled-state STM images showing structural transformation from
Si(5 5 12)-2X 1 to Si(337)-4 X 1, obtained after exposing 120 L of
C,H, at 650 °C and postannealing at 750 °C for 3 min. About half
of the surface area is converted to (337)-4 X 1.

reconstructions induced by specific-heat treatments under
UHYV have also been reported for Si(001) and Si(114).'>18 In
these cases, C-containing molecules in the residual gases
such as CO, CO,, and hydrocarbons are thought to be ad-
sorbed on the surface and decomposed by flashing. There-
fore, the subsurface carbon atom is thought to be the origin
of such other kinds of reconstructions, for Si(001), Si(111),
and Si(114).15:23.%

In order to confirm whether subsurface C also induces the
present Si(337)-4 X 1 or not, Si(5 5 12)-2X 1 has been ex-
posed to C,H, gas. Prior to C,H, exposure, it has been
checked that the (5 5 12) terraces adjacent to (6 9 17) facets
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do not have any trace of the dotlike structure of (337)-4
X 1. The pre-existing dotlike structures had been cleared by
repeated oxidation and flashing. Then, the Si(5 5 12)-2X 1
surface was exposed to 120 L of C,H, at 650 °C and post-
annealed at 750 °C for 3 min, which causes thermal disso-
ciation of C,H, and C incorporation into Si(5 5 12). In Fig.
3(a), a filled-state topographic STM image and in Fig. 3(b),
the corresponding error-signal image of the C-dosed (5 5 12)
surface are shown. It has been estimated that about half of
the surface has been transformed to (337)-4 X 1. From the
topographic image Fig. 3(a), the (337)-4 X 1 area turns out to
be higher than the other area. In Fig. 3(b), giving more in-
formation on detailed structures, the structure of the bottom
area turns out to be different from that of the original
Si(5512)-2X 1. This indicates that Si atoms were rear-
ranged at the terrace to form the (337)-4 X 1 structure. From
these images, it has been confirmed that subsurface C also
induces the (337)-4 X 1 structure, which needs additional Si
atoms. One of the distinguished difference between Fig. 1
and Fig. 3 is in the place where the growth seed is located.
That is, for the case of Fig. 1, the additional Si atoms are
supplied from (6 9 17) facets, while for the case of Fig. 3, the
additional atoms are supplied from the terrace.

Based on the information from Figs. 1-3, we built an
atomic structural model of Si(337)-4 X 1, as shown in Fig.
4(c). The unit cells of Si(337)-4 X1 are marked by red
(gray)-dotted rectangles in Fig. 4(a). There also exist a num-
ber of irregularities having a spacing of 1X or 2X as marked
with “1 X" and “2X.” A magnified image showing a detailed

D bH(R)

D bH(R)

(337)-4%x1

(337)-4x1

16 DBs

FIG. 4. (Color online) STM images and corresponding structural model of Si(337)-4 X 1. (a) Filled-state error-signal image of
Si(337)-4 X 1 showing a large area of a well-ordered terrace. I,: 0.5 nA, V: —1.0 V, and scan area: 17 nm X 17 nm. (b) Magnified image
of Si(337)-4 X 1 showing a detailed structure. 1,: 0.5 nA, V: =2.7 V, and scan area: 8 nm X8 nm. (c) Side- and top-view structural models
of Si(337)-4 X 1. Left 1/3, a precursor, Si(337)-2 X 1 composed of a T row and a 7 chain, is inserted for comparison. The image of the area
outlined by a dotted rectangle in (b) is magnified and overlapped on the top-view model. T: tetramer row, 7 7r-bonded chain, D: dimer row,

bH: broken honeycomb chain, and R: rest atom.
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structure of the Si(337)-4 X 1 unit cell is shown in Fig. 4(b).
In this figure, four protrusions per unit cell are remarkable. In
Fig. 4(c), the side- and top-view models are shown. For com-
parison, the precursor structure of Si(337)-4 X 1 composed
of a T row and a 7 chain are displayed on the left side. On
the right side, the final structural model of Si(337)-4 X 1 are
overlapped on the magnified image of Fig. 4(b). These two
structures are thought to be induced by subsurface C atoms
[remarked with small blue (dark gray) circles in the top panel
of Fig. 1(c)] whose size is smaller than that of Si. They are
unstable especially due to a five-member ring in the 7 chain
in the precursor state. In here, the compressive stress is cre-
ated by the just formed neighboring (337)-4 X1 row, as
shown in Fig. 2. However, a large (337) terrace composed of
only T rows and 7 chains, especially induced by subsurface
C could not be sustained, unless the change in reconstruction
through introducing additional Si atoms from either (6 9 17)
facets or by Si deposition. The first step to release this com-
pressive stress is breaking the 7 chain, as marked with white

arrows in Fig. 1(e), releasing stress parallel to the [110] di-
rection. At this time, atoms marked with roman numerals
“i-iii” in Fig. 4(c) are removed per 4X along the [110] di-
rection, leaving a rest atom behind per 4X periodicity, as
shown in the right and bottom panel of Fig. 4(c). As the
second step, for releasing compressive stress perpendicular

to the [110] direction, four Si atoms per (337)-4 X 1 unit cell
are inserted into the five-member ring as rest atoms as
marked with arabian numerals “1-4” in Fig. 4(c) to relax

compressive strain perpendicular to the [110] direction. At
this time, the dimer parts of T rows remain as D’s. In addi-
tion, five Si atoms per (337)-4 X 1 unit cell are inserted be-
tween the T row and the 7 chain as marked with arabian
numerals “5-9” in Fig. 4(c) per unit cell, forming an H
chain, which is broken by a 4X period. As a result, all the
strain induced by subsurface C is relaxed and a stable
(337)-4 X 1 surface is obtained. In here, the direction of the
dangling bonds in the broken H chain are designated by
green bars on green circles in the side view model of Fig.
4(c). Four protrusions of the magnified image overlapped on
the top-view model of (337)-4 X 1 match well with the green
big circles considering the direction of the dangling bonds.
In order to confirm the effect of carbon, the carbon-dosed
surface was studied by the photoemission spectroscopy at the
synchrotron radiation facility. In Fig. 5, C 1s core-level spec-
tra obtained from the C-doped Si(5 5 12) surface are shown.
The spectra were curve fitted by a standard least-squares fit-
ting procedure using Voigt functions with Lorentzian and
Gaussian widths of 0.15 eV and 0.65 eV, respectively. The
clean Si(55 12)-2X 1 surface did not show any C-related
feature. On the other hand, a distinct C 1s core level was
detected from the C-dosed surface (i.e., 400 L of C,H, ex-
posure at 650 °C and postannealing at 750 °C for 3 min) as
shown in Fig. 5(a). From this surface, a major species, Cy, at
the binding energy of 282.8 eV and two minor species, Cy at
283.4 eV and C at 282.0 eV were identified. After flashing
it at 1150 °C additionally, three species, Cyr at 282.9 eV,
Cyp at 283.5 eV, and C;p at 282.1 eV were detected as
shown in Fig. 5(b). Comparing these two spectra, all three
peaks shifted to higher binding energy by 0.1 eV, and inten-
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C1s
(a) % o rawdata
fit
400 L CH, exposure at 650 °C —residual
and postannealing at 750°C —C,:282.8
' —C, 2834
——C:282.0

(b) —C, 2829

Additional flashing
at 1150 °C

——C,1283.5

Photoemission Intensity (arb. units)

2;35 2;34 2«‘:33 2£I§2 2;31 ZEISO
Binding Energy (eV)

FIG. 5. (Color online) C 1s core-level photoemission spectra of
Si(337)-4 X 1, obtained with 353 eV photon at normal-emission
angle and its fitting (Vi grenzian=0-15 €V and 0gauesian=0.65 €V).
(a) From the surface exposed to 400 L of C,H, at 650 °C and
postannealed at 750 °C for 3 min. (b) From the Si(337)-4 X 1 sur-
face, obtained after additional flashing at 1150 °C for 3 min.

sities of Cy and Cy decreased to about 1/2 of the original
one. Their behaviors are similar to those of the Si,C-related
C s species in the C-dosed Si(114)-2 X 1 after flashing at an
elevated temperature.'® This means that peaks Cy; and Cy in
Fig. 5(a) are related to surface Si,C structures. Through ad-
ditional flashing at 1150 °C, more C atoms occupied subsur-
face C-Siy sites, which was manifested by Cyp in Fig.
5(b).2%40 The high-binding-energy species, Cyp is related to
partially decomposed CH, species adsorbed from the re-
sidual gases or atomic C species with unsaturated bond(s) on
the surface.?’ This result also confirms that the structural
transformation is due to subsurface C atoms. Even though
the solubility of C atoms in bulk Si is very low (less than
1073%) due to the large difference in their atomic sizes,*
there were some reports that the subsurface solubility can be
enhanced up to tens of percent through using nonequilibrium
methods such as thermal dissociation of C,H, at 650° on the
Si surface, and that the structure of reconstructed surfaces is
changed by subsurface C atoms.?

In order to observe the binding-energy shift of Si 2p due
to C atoms, the corresponding Si 2p core-level spectra ob-
tained at normal emission are shown in Fig. 6. The raw data
designated by circles were analyzed by a standard least-
squares fitting procedure using Voigt functions with Lorent-
zian width of 0.10 eV and Gaussian width of 0.35 eV for the
bulk species (Gaussian widths of 0.39 eV, 0.55 eV, and 0.48
eV for S1, S2, and S, respectively), after subtracting the
Shirley-type background.*' The branching ratio was 0.43 and
the spin-orbit splitting energy was 0.6 eV. The corresponding
fitting result was listed in Table L. In Fig. 6(a), two kinds of
surface-related peaks, S1 and S2, and the bulk peak B consist
of the spectra of the clean Si(5 5 12)-2 X 1 surface. The sur-
face core-level shifts (SCLSs or binding-energy shift), S1
and S2, relative to the bulk peak are +0.21 eV and
—0.50 eV, respectively. Such shifts are due to charge transfer
from downward atoms to upward atoms of 77/H chains and
T/D-A rows. As a result of charge transfer, the surface orbit-
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(a)

Clean Si(5 5 12)-2x1

(b)

400 L C,H, exposure at 650°C

and postannealing at 750 °

(c)

Flashing at 1150°C

Photoemission Intensity (arb. units)

Si(337)-4x1

T

0 -1
Relative Binding Energy (eV)
FIG. 6. (Color online) Si 2p core-level photoemission spectra of
Si(5 5 12)-2X 1 and Si(337)-4 X 1, obtained with 130 eV photon at
normal-emission angle and their curve fittings. (a) Clean
Si(5 5 12)-2 X 1 surface. (b) Exposed to 400 L of C,H, at 650 °C
and postannealed at 750 °C for 3 min. (c) Si(337)-4 X1 surface,
obtained after additional flashing at 1150 °C for 3 min. Detailed

fitting results are listed in Table I.

als are rehybridized from sp® toward an sp>-like and
s?p3-like configurations for the downward and upward
atoms.*> The high-binding (low-binding) energy species,
peak S1 (S2), corresponds to downward (upward) atoms of
7/H chains and T/D-A rows. The resulting intensity ratio of
S1 to S2 is 2.6. Though the numbers of upward and down-
ward atoms are almost the same in the clean Si(5 5 12)-2
X 1,3% part of the subsurface atoms bonded to 7r/H chains
and T/D-A rows contribute to the high-binding species, S1 so
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that the intensity of S1 seems to be larger than that of S2 in
Fig. 6(b).*3

When C atoms are dosed on Si(5 5 12)-2 X | through ex-
posing the surface at 650 °C to 400 L of C,H, and postan-
nealing at 750 °C for 3 min, two additional high-binding-
energy species, S and S’ appear, as shown in Fig. 6(b). Their
SCLS’s relative to the bulk one are +0.60 eV and +1.06 eV,
respectively. On the other hand, the bulk peak shifts to lower
binding energy by 0.1 eV. Since the wafer is n type, this
implies that such treatment induced more band bending by
0.1 eV. Such an additional band bending is induced by gap
states originating from surface defectlike Si,C clusters,?? and
the structural change from Si(5512)-2X1 to phase
Si(337)-4 X 1.

After flashing at 1150 °C, as shown in Fig. 6(c) and listed
in Table I, the bulk binding energy shifts back by 0.01 eV,
which means that the density of the interfacial states is neg-
ligibly changed. In here we can find that two additional
surface-related peaks, S and S’, whose SCLS’s are +0.59 eV
and +1.06 eV, respectively, are still remaining but their in-
tensities were reduced by flashing due to decrease in surface
Si,C. Since the electronegativity of C (2.55) is larger than
that of Si (1.90), charges tend to transfer from Si to C.**
From the large relative binding energy of S’ (i.e., +1.06 eV
relative to the bulk), it can be deduced that this species is due
to SiC localized at the surface.*! On the other hand, peak S,
with the relative binding energies around +0.59 eV, arises
from interfacial Si atoms directly bonded to subsurface C
atoms (i.e., C-Siy sites).!” Such binding-energy shifts were
also reported in either Si(001)-c(4X4) or Si(114)-2X1:
D-T-T,!3233% where C atoms occupy the subsurface site such
as in Fig. 4(c).

IV. CONCLUSION

Through C incorporation using C,H, as a C source, the
well-ordered two-dimensional Si(337)-4 X 1 having subsur-
face C atoms has been generated from the clean
Si(5512)-2X 1. As a precursor stage of such structural
transformation, all the 1D structures of Si(5 5 12)-2 X 1 have
been changed to 7 chains and T rows by substitutionally
incorporated C atoms. Due to C atoms inducing compressive
strain on the surface, m chains are preferentially broken. Ad-
ditionally Si atoms are inserted into the five-member ring

TABLE I. Fitting results of SCLS’s or binding-energy shift and relative intensities (RI) to that of the bulk
for the Si 2p spectra shown in Fig. 6. The SCLS’s are referred to the bulk peak (B) in kinetic energy (KE).
Branching ratio: 0.43, spin-orbit splitting energy: 0.6 eV, and Lorentzian width: 0.10 eV are commonly used.

Figure 6(a)

Figure 6(b) Figure 6(c)

Gaussian width SCLS SCLS SCLS
Species (eV) (eV) RI (eV) RI (eV) RI
B (KE) 0.35 28.10 1 28.20 1 28.21 1
S1 0.39 +0.21 0.64 +0.23 0.72 +0.23 0.71
S2 0.55 -0.50 0.25 -0.38 0.36 -0.44 0.29
S 0.48 +0.60 0.29 +0.59 0.26
S’ 0.53 +1.06 0.16 +1.06 0.11
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and between the T row and the 7 chain to relax the compres-
sive stress. So the resulting atomic structure turns out to be
composed of broken H chains, dimers, and rest atoms. The
newly reconstructed (337) terrace is not faceted further by
extended annealing at elevated temperatures, which implies
that the instability of the Si(5 5 12) surface can be overcome
by proper C incorporation and additional Si atoms. Homoge-
neity and stability of this new phase indicate its potential as
a template for fabrication of 2D nanostructure or a substrate
for epitaxial growth of optoelectronic devices. Through the
present C-incorporation study, it has been confirmed that C
atoms, having extremely low solubility in bulk Si, have also

PHYSICAL REVIEW B 81, 245422 (2010)

stable substitutional sites at the subsurface of the high-index
Si surface.
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