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Formation of a Si(100)c(8X 2) surface phase using H-induced self-organization and H extraction
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A Si(100c(8% 2) surface phase has been fabricated using atomic-hydrogen-induced self-organization fol-
lowed by hydrogen extraction by the tip of scanning tunneling microscope. Similar to a conventional
Si(1002x 1 surface, the new phase is built of Si dimer rows, but with every second dimer row being missing.
The second-layer Si atoms in the troughs between dimer rows are also dimerized. The second-layer Si dimers
at the opposite sides of a top Si dimer row demonstrate a tendency to be out of phase. This configuration
induces buckling of the top Si dimer withc8x 2) periodicity.
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Nanoscale fabrication and control techniques have rethe bare Si area from which metal atoms have been expelled
cently been used on various surfaces for realizing atomicis terminated by hydrogen atoms. Sometimes, this area
scale devices with new or advanced functions. Among themexhibits an unusual structure which is different from that of
the most actively used techniques are atom manipufatiorthe conventional H-terminated Si surfacdd x 1-H,2
and self-organized formation of nanostructutde. particu- X 1-H,3X 1-H on S{100);1X 1-H,57 X 7-H on S{111)].*>*6
lar, the deliberate use of hydrogen on semiconductor surfacér example, in the particular case of the(131)v3
is highly attractive for the formation of nanostructures from Xv3-Ag, the H-terminated Si layer formed after the removal
the viewpoint of both atom manipulatidfi® and self- of Ag atoms shows up as an array of zig-zag rows with a
organized formatiof!~1* local 2x 1 periodicity**? Such a surface structure formed

Since Lydinget al.reported the local desorption of hydro- upon exposure to atomic hydrogen depends on the original
gen atoms from the 8i002X 1 monohydridgMH) surface  superstructure; when the substrate Si atoms under the metal
induced by the tip of a scanning tunneling microscopelayer have been reconstructed in the original superstructure,
(STM),® nanostructure formation on Si surfaces terminatecan unusual H-terminated surface is often formed. Ag/
by hydrogen(H-terminated Si surfacg$as been intensively Si(111)-H and In/S{111)-H furnish examples of such a
investigated both experimentally and theoreticaiff? Bear-  behavior'~**However, these unusual H-terminated surfaces
ing in mind the significant difference in the chemical reac-revert to the original metal-induced surface phases after hy-
tivity of H-terminated versus hydrogen-free Si surface re-drogen desorption upon annealing above 500 °C. Thus, these
gions, the patterned surface produced by selective hydrogamusual surface Si structures remain stable only due to H
desorption can be used for selective deposition of atoms dermination and are lost when hydrogen is gone. Therefore,
molecules*®1° However, previous investigations have beenno peculiar adsorbate-free Si surface structures have been
performed only on the conventional H-terminated Si surfacaeported so far.
phase§2x1-H,3X1-H on S{100);1X 1-H on S{111)], re- In this paper, we report the fabrication of a peculiar
sulting in the conventional Si surface structuresadsorbate-free Si reconstruction by the combined method of
[Si(1002X%1; Si(111)2x 1] on the H-extracted area without atomic-hydrogen-induced self-organization and hydrogen ex-
any peculiarity. traction for the first time. Hydrogen atoms were extracted by

As concerns the self-organized formation of surface nanoan STM tip from the unusual &i004x1-H surface pre-
structures, atomic hydrogen interaction with the adsorbatepared by exposure of the (004X 3-In surface to atomic
induced Si surface phase has recently received consideraldigdrogen. As a result, a local adsorbate-freld @) surface
attention**~**For example, when the @i11)v3Xv3-Ag sur-  phase withc(8x 2) periodicity was formed. The formation
face phase is exposed to atomic hydrogen at 200 °C, hydranechanism of this peculiar surface phase is discussed below.
gen adsorption induces self-organization from a two- All experiments were carried out in an ultrahigh vacuum
dimensional(2D) metal layer into 3D clusters of nanometer (UHV) chamber equipped with STM and low-energy elec-
size!*12 Such a self-organization process is caused by théron diffraction facilities. The base pressure was typically 8
substitution of hydrogen for metal atoms. As a result,x10 Torr. The STM tips were fabricated by electro-
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FIG. 2. (a) 1000< 1000 A2 STM image of the 31004x1-H
surface from which hydrogen atoms were extracted by scanning
STM tip under the following conditions:Vs=+6.0V, It
=0.20nA, scanning speedl00 nm/s, interval of scanning lines
=0.125 nm/scan, scanned areB00x 500 A%. (b) Magnified im-
age (15(x 150 A?) of (a), in which buckled dimer rows with inter-
vals of 4a periodicity were observed. The image was taken at a
sample bias of-1.7 V and tunneling current of 0.2 nA.

shown in the inset of Fig.(b). This 4X 1-H surface consists

of Si and hydrogen atoms, and does not incorporate In at-
FIG. 1. (a) 500x500 A2 STM image of Si1004x3-In surfface  °MS: A pl_ausib_le structgra_l model of this_surface is shown in

formed by deposition of about 0.6 ML of In onto Si(100§2 _F'g' 1(c), in which top_ Si dimers are terminated by hygirogen

surface at 400 °C(b) 500x 500 A2 STM image of Si1004x1-H in the form of MH dimers, whereas second-layer Si atoms

surface with an In clusteflarge semicircle on the extreme left form dihydride (DH) species. However, at higher sample

formed by exposure of 81004 3-In surface shown i) to 500 L temperatures during hydrogen exposure, MH dimers are

of hydrogen at 300 °C. Tunneling conditiof® —1.9V, 0.2 nAand  formed both in top and second lay€iThe specific structure
(b) —2.0V, 0.2 nA.(c) Structural model of $L004x1-H. Black, Of the S{1004x1-H surface with every second dimer row
gray, and white circles indicate hydrogen atoms, top-layer Si atomgnissing is inherited from a Si substrate reconstruction in the
and secondand thirg-layer Si atoms, respectively. original S(1004x%3-In phase which is known to have a top
Si atom density of 0.5 ML/
chemical etching of a W wiré¢ 0.3 mn) and then cleaned Next, local hydrogen extraction was performed from the
by in situ annealing. Si100) samples (X 13 mn¥f) were cut  surface shown in Fig. (b) by the STM tip scanning in the
from n-type Si waferg0.05() cm) and placed into the UHV constant current feedback mode at a scanning speed of 100
chamber. After degassing at 600 °C for more than 12 h, them/s, interval of scanning lines of 0.125 nm/scan, sample
samples were cleaned by repeated heating at 1200 °C imas voltage of+6.0 V, and tunnel current of 0.20 nA. After
UHV of less than 5<10 ° Torr to obtain a X 1 surface. scanning a 508500 A? area, a bright square could be ob-
Indium (In) was deposited from a tantalum foil tube by served in the STM image, as shown in Figa)2 indicating
direct-current heating. For atomic hydrogen exposupegd$  that hydrogen atoms were extracted and Si dangling bonds
was admitted into the chamber and dissociated into atomiappeared on the scanned area. Figub¢ £hows a magnified
hydrogen with an 1800 °C tungsten filament, 7 cm from theimage of the area at the boundary of the scanned region
Si surface. Since the arrival rate of atomic hydrogen is unindicated by the white square in Figi&. In the right half of
known, the dose of molecular hydrogen is specified and exFig. 2(b), which shows the H-extracted area, zig-zag rows at
pressed in units of Langmuir (1£1x 10 ® Torrs). In our intervals of 4 [wherea is the lattice constant of the (300
case, to form a completely H-terminated1%i0)2x1-H sur-  bulk crystal are observed, while the area outside the scanned
face, a clean $1002x 1 surface was exposed to 500 L of region(left half) shows straight rows at the same intervals of
hydrogen at 300°C. All STM observations and manipula-4a. This result indicates that the Si atoms in the
tions were carried out at room temperat(Ry). Si(1004x1-H surface had maintained their original arrange-
To prepare an unusual H-terminated Si surface, thenent after hydrogen extraction. Namely, STM-induced hy-
Si(1004X3-In surface phase was form¢ggig. 1(a)] by the  drogen extraction converts rows of symmetric MH dimers
deposition of about 0.6 ML In onto the (3002 1 surface into the rows of buckled Si dimers shown in FigtbP as
at 400 °CY” Each 4x 3 unit cell is associated with a round zig-zag chaing® Thus, the peculiar structure of Si dimer
protrusion as indicated in Fig(d). As for the structure of the rows with 4a spacing is formed, in agreement with the pro-
Si(1004X3-In surface, 0.5 ML Si atoms were found to be posed 4<1-H structural model shown in Fig.(d). To our
reconstructed under the In lay€rWhen this surface was knowledge, this is the first report of a peculiar adsorbate-free
exposed to 500 L of atomic hydrogen at 300 °C, In atomsSi surface phase on a($00 substrate, which cannot be
were expelled from their original positions and agglomeratedormed using conventional preparation techniques.
into 3D clusters, as shown in Fig(ld. On the bare Si sub- The buckled dimer rows were often arranged witf8
strate area, an unusuak4l-H surface phase was observed asXx 2) periodicity, as shown in Fig.(8. Sometimes a non-
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(I) In phase (I1) Out of phase
Q o Top layer © Second layer © Third layer

FIG. 4. Schematic illustration of two arrangements of the
second-layer Si dimers between the top buckled dimer (dw.
Dimer rows on one side of the top buckled dimer row are at sym-
metrical sites with respect to those on the other gidghase. (II)
Dimer rows on one side of the top buckled dimer row are shifted by
la with respect to those on the other si@rit of phasg

Si dimers, as shown in Fig. 4. In the first case, the dimer
rows at one side of the top buckled dimer row are at sym-
_ metrical sites with respect to those at the other $idlein
FIG. 3. (a) 180x120 A2 ST™M image of the H-extracted area, phasg. In the second case, the dimer rows on one side of the
mo;t of W.hICh showed(8Xx 2) per|0Fj|C|ty.(b) Magnified image of. top buckled dimer row are shifted byalwith respect to
(@), in which the second-layer Si dimers were resqlved. These iMyvca on the other sidéll) out of phasg In the first casél),
ages were taken at:_als_ample plas—df.7Vand tunneling current of the top dimers are not buckled because both atoms in each
0.2 nA. (c) Schematic illustration of the proposed structural modeldimer are hed lled d In th d
: . . o pushed up or pulled down. In the second thge
of the H-extracted area, in which gray circles, white circles, and th%he top dimer row shows buckling because one atom is
striped area show Si atoms in the top layer, those in the seeoaid . . o .
third) layer, and dark protrusions observed(n), respectively. push_ed up while the other is pulled down within each dlmgr.
In this study, we observed that the out of phase configuration
buckled dimer row could be found, as indicated by an arrowof the second-layer Si dimers is preferable, as is shown in-
in Fig. 3(a), whereas buckled dimer rows withx®2 period-  side the black circle in Fig.(®). Such areas mostly showed
icity were seldom observed. In the enlarged image shown ibpuckled dimer rows. Sometimes, we observed in-phase
Fig. 3(b), dark protrusions with intervals ofe2are also seen second-layer Si dimers. In this case, most of the top dimer
at both sides of the buckled dimer rows. These protrusiongows between such second-layer Si dimers did not show
are thought to correspond to two dimers in the second layehuckling, as indicated by the gray circle in FighB Thus,
which are probably hydrogen-free Si dimers. The structurathe buckling mechanism described above can account for our
model of the H-extracted area witt(8X2) periodicity is  results. It is most likely that when hydrogen atoms are ex-
shown in Fig. &c). tracted from the $1004x1-H surface, the second-layer Si
Let us consider the mechanism of buckled dimer forma-atoms(former DH speciestend to form out of phase dimers,
tion. Usually, buckled dimers are observed ®t steps resulting in the buckled dimer formation in the top Si layer
(where the dimer rows of the upper terrace are parallel to théroughout most of the H-extracted area. A similar behavior
step 1ing,'® near theC-type defects? and at very low Wwas reported by Bedrossian and Kaxiras for the monolayer-
temperature&’ However, the buckled dimers observed in thehigh single-dimer-row formation using Xe bombardment of
present study could be found not only at step edges or déhe S{1002x 1 surface followed by annealirfg According
fects but also throughout the entire H-extracted area evet® their report, the positions of dimer rows on opposite sides
under RT observation. The mechanism of buckling in thisof the single dimer row were mostly out of phase. They also
study can be explained based on the model of buckled dimeralculated that the out of phase dimer rows are lower in
formation at anS, step edgé® The upper-edge Si atoms, energy than the in phase dimer rows, by 0.4 eV per dimer.
aligned with the center of dimer rows on the lower terrace, In conclusion, local hydrogen extraction from the
receive upward stress, while the other upper-edge Si atonfSi(1004x1-H surface has been performed using the STM
receive downward stress, resulting in the buckled dimer roviip. After hydrogen extraction, a local adsorbate-fre€l @)
formation at the upper step edge. Accordingly, the arrangesurface phase witle(8X2) periodicity was observed. The
ment of the second-layer Si dimers at the H-extracted surface@onohydride dimer rows at intervals oh4ransformed into
dictates the buckling of the top Si dimers and can be dethe buckled Si dimer rows after the hydrogen extraction. Hy-
scribed as follows. drogen was also extracted from the second-layer dihydrides
Consider two possible arrangements of the second-laydretween the top buckled dimer rows and the dihydrides were
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also transformed into Si dimers. These second-layer Si We would like to thank Mr. T. Harada for his great help.
dimers tended to be out of phase on opposite sides of the tophis work was supported by a Grant-in-Aid for Scientific
Si dimer row, which induced buckling of the top Si dimers Research from the Ministry of Education, Culture, Sports,
with c(8< 2) periodicity. The present study demonstrates theScience and Technology, Japan. One of the auttOr.)
possibility of the artificial formation of peculiar structures on acknowledges the Japan Society for the Promotion of Sci-
Si(100 substrate. ence for support.
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