PHYSICAL REVIEW B, VOLUME 65, 075408

Observation of the S(100“1 X2"-Ba surface by scanning tunneling microscopy
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We have studied the ““X 2" structure on ML Ba/Si(100) by scanning tunneling microscog@TM). This
phase has two mirror symmetric unit cells, (4Q)1,2) and (4,0X (1,—2). Their combination leads a wavy
structure in STM images. We discuss the structure in comparison with previous low-energy electron-diffraction
studies, and propose a model of the X2’ structure where buckled Ba dimers locate on the second Si layer
reconstructed into a dimerized ‘X2"" phase.
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[. INTRODUCTION STM chamber at 1160 K to reconstruct the surface structure.
The sample was cooled to room temperature for 30 min
Many studies of the adsorption structures of alkaline-earttbefore STM measurements in order to avoid the effect of
metals[Cal? Sr2~% and Ba(Refs. 7—13] on Si substrates thermal drift. An STM tip was cut from a tungsten rod with
have been reported for a decade. Those studies mainly aim gdiameter of 0.3 mm, and was electrochemically etched in a
grow high-quality thin films of functional materials, such as KOH solution. All STM images were obtained in a constant-
ferroelectrics or high-temperature superconductors, for fabricurrent mode.
cation of electronic devices. Besides such technological ap-
plications, the system of alkaline-metal/Si has been exam-
ined in terms of the physical interest, especially in surface Figure 1 shows a filled-state image of tBeML of a
superstructures. It is known from by low-energy electron dif-Ba-deposited $100 surface followed by annealing at 1160
fraction (LEED) and Auger electron spectroscopy studiesK for 1 min [the sample bias voltagev/()=—1.69 V, and
that the system of Ba/@i00 has a variety of surface the tunneling currentl()=0.21nA]. The whole sample sur-
superstructures, i.e., silicide structuresx2, ‘‘1x2”, face is covered by a wavy structure. The step assignment of
2X3+c(2%x6) and 2x3, depending on both Ba coverage the original S{100 surface,S, or Sg, is decided based on
and heating temperatufe'® The “1x2" and 2x3 struc-  the coexisting phases of wavy structure and2 structure
tures have been observed in all of the LEED studies at B4hown below. The waves run parallel to the steps on the
coverages of and 3 ML, respectively. Compared to LEED Upper terraces db, steps and perpendicular on thoseSaf
studies, there have been a few scanning tunnel microscogeps, which is similar to the case of dimer rows on
(STM) studies, where the 23 structure or the initial Ba Si(100)2x1.

Ill. RESULTS

adsorption structure was investigatéd’ To our knowl- Figures 2a) and 2b) show (a) a filled-state image
edge, there has been no report about the<2t’ structure  (Vs=—2.2V, 1;=0.20nA and (b) an empty-state image
by STM. (Vs=2.37V, 1;=0.20nA obtained at the same area. The

In this paper, we report a high-resolution STM study onWwavy structure consists of a range of protrusions with a com-
Si(]_OO)“]_)( 2"-Ba. The STMimage shows a Comp|ex sur- bination of two kinds of unit Ce”iU and U,), as indicated
face covered by a wavy structure consisting of two mirrorby white rhombuses in Figs(@ and 2b). The two unit cells
symmetrical units. This structure is far from the model pro-
posed in Ref. 7. Based on a detailed analysis of STM images,
we propose a model where the Si substrate is reconstructed
into a dimerized **1X 2"’ phase, and buckled Ba dimers are
located on the trough between dimers.

Il. EXPERIMENT

All experiments were carried out in an ultrahigh vacuum
system. A detailed experimental setup was described
elsewherd! A Si(100 specimen with a size of %7
X 0.5mn? was degassed by direct current heating at 850 K
for more than 10 h. In order to obtain a clean surface, the
specimen was flashed at1500 K.

Ba was evaporated using a commercial Ba dispenser
(SAES getters A crystal oscillator was used to monitor the
Ba dosage and the deposition rate of Ba was estimated at
~0.07 ML/min. After Ba deposition on the clean (800 FIG. 1. A wide area STM image of the **22'" structure ob-
surface at room temperature, the sample was heated in tha&ned at the filled staté/,=—1.69V andl,=0.21 nA).
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FIG. 2. (a) Filled-state(Vs=—2.20V, andl;=0.20 nA and(b)
empty-statgV,=2.37 V andl;=0.20 nA STM images on the same
area.U andU’ indicate mirror symmetric unit cells.

a_rg) mlrfr(t)r: slyrtrt1_mettr|c t? t(_)ne an(t)ther. Thed_lontg q:nd ;hort FIG. 4. A filled-state image of the coexisted area of the3
sides of the lattice translation vectors are indicated\lgn and “1x2" phases(V,=—1.61V andl,=0.07 nA. Arrows on

B, respectively. STM images show that the length of VeCtohyo right of the figure indicate the direction of dimer rows on origi-

A_ is ~4a, [ao,_ the Si-Si distanpe of the bulk-terminated S(100 surface. PB and PB; indicate two types of phase
Si(100 surface is 0.384 ninthe distance between two long poundaries.

sides in a unit is~2a, and the angle betweek andB, 6, is

about 60°—65°. In the filled-state image of FigaR one of the 2x3 structure with unit vectors(|c|=2a,) and
protrusion is contained in a unit cell. However, in a higher-d (|d|=3a,) is also shown in the figure. The direction of
resolution STM image, the protrusion seems to split into fouris in coincidence with that of dimer row of the Si(100)2
protrusions(shown below. In addition, in Fig. 2a) we see X1 plane!®!’ The phase boundaries are labeled,Pid
faint lines running through the diagonal direction of the pro-PBg, where PR is parallel toc and PB; is parallel tod. We
trusion. A detailed discussion, together with a model of a Banote that the X 3 phase and wavy phase connect abruptly at
adsorption structure, is given in Sec. IV. In the empty-state®B, . Though not shown in this paper, coexisting surfaces of
image of Fig. 2b), one elliptical protrusion is included in a wavy structure an@(2X 6) structure were also obtained. In
unit cell. An additional feature is observed between two el-2 previous paper, we proposed a model of the32and the
liptical protrusions along vectoA at a lower sample bias C(2X6) structures, where those structures were formed on
voltage than 1.5 V, though not shown here. Figure 3 shows #1e second Si layer after tearing off the first Si la¥/eft
schematic of possible two mirror symmetrical unit cellsSeems from the STM image that the XI2" structure is
[(4,0)X(1,2), U; and (4,0 (1,—2), U’) superimposed on muc_h higher than the23 an_dc(2><6) structures. 'I_'he line
the lattice of bulk-terminated Gi00) surface. The experi- profile was measured, a‘r]d |t”appeared that the difference of
mental value off is in good accordance with the angle be- the height between the "% 2" structure and the others is

tweena anda+ 2b (63.4359, wherea andb are unit vectors about 0.95 nm. The value is much smaller than the Qia}meter
of an ideal Si100) (surfacej{a|=|b|=0.384 nm). of the Si atom(0.235 nm or Ba atom(0.43 nn). Thus it is

In order to make a model of a Ba adsorption structure, wi hard to consider that adatoms on the 2 and thec(2x 6)

.  W&tructures causes the ‘X2 structure, and it seems to be
analyze the surface where the wavy phase coexists with

: ) . asonable to propose a model where a slight transition of
2X3 phase. Figure 4 shows a filled-state image of the;;oo vertical to the surface causes the difference of the

coexisting surface on two different terraces. A unit Ce"height.

‘ T — IV. DISCUSSION

— j ] The wavy structure consists of a combination of two mir-
‘ LT | L ror symmetric unit cellsy andU’, as shown in Fig. 3. When
' O ‘ different types of unit cells connect, a “turn” occurs. It is
§ ‘ : i obvious that the same units do not continue at long range.
| 1 45— The histogram in Fig. 5 shows how long the same units are
l continued along the lattice vectoBsor B’. The unit of ab-
R 0 ‘ scissa igB|(=|B’|), namely, the number of continued units.
‘ — N The ordinate is normalized so tha® (n=2) is 0.25. Since
a g B B’ the two unit cells appear to be equivalent they are counted
b ‘ | together in the histogram. The curve in the figure indicates
Lt e —— - the line of (1/2) (nis an integern=1). This line implies
FIG. 3. Two building unit of the wavy structure superimposed that two unit cells appear randomly. Though the experimen-
on the bulk-terminated 800 (|aj=|b|=a,=0.384nm). The tal ratio obeys the§)" line atn=2, the ratio of lengtHB|
angle(6) betweenA andB is 63.435°. (n=1) is fairly smaller than the expected value of 0.5. This
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FIG. 5. Histogram of the continued length along Béirection (original plang) Siatom  Siatom Badimer  (2ndlayer S}
in the ““1X 2" structure.
FIG. 7. Schematic model for the ‘22"’ structure. Proposed
result implies that the single “turn” hardly occurs, and that MOdels for the X3 andc(2x6) structuresRef. 17 are also il-
the appearance & andU’ is not entirely random. That is, lustrated on the left and center of the figure.
there is a driving force such as first-neighbor interaction
which preventdJ andU’ from being arranged randomly. On
the other hand, the periodicity perpendicular to ve&ois
kept at Z,. In this sense, it can be said that the X2’
structure comes from a wavy structure.

In some reports, aX streak or ac(4x 4)-like spot were
observed with a “2x 2" or 2 X 3 structure->*3A pattern of
double-domain reciprocal lattices of “long-range orderé&d”
andU’ is illustrated in Fig. 6 by open circles. In addition, the
pattern of the &4 structure, which is realized by alternate
arrangement o) andU’, is also shown in the figure by a
cross. The &K streak and:(4 X 4)-like spot could be recog-
nized in this figure. We note here that the pattern in Fig. 6 isfoll

not realistic but is an ideal case. Practically, we have to con-
sider the effect of randomness, a mixturdodndU’ as well
as a substrate structure. Different sample preparations will
give rise to different sample surfaces with a mixturéJodind
U’, resulting in dispersive LEED reports. Since the wavy
structure was also formed gnML Ba-deposited SiL00) at
room temperaturénot shown herewithout post-annealing,
it is supposed that the dimerized Si(10®) 2 surface is pre-
served, and that Ba adatoms are responsible for the wavy
structure. This substrate structure also contributes to the 1
X 2 periodicity.
Figure 7 illustrates a ““X 2" model, based on the two
owing preconditions(1) The **1 X 2" structure connects
abruptly with the 23 orc(2X 6) structure at PB. (2) The
coverage of Ba on the **X 2" structure is3 ML. In previ-
ous LEED and AES studi€s!3the “1x 2" structure was
observed at a Ba coverage pML, whereas the coverage of
Ba on the 23 or c(2X6) structure was~3 ML. In the
present work, as the **X2" structure is formed at higher
Ba coverages than that of thex3 andc(2X 6) structures, it
is assumed that predictidi2) is reasonable. We proposed a
model for the 23 andc(2X6) structures in a previous
papert’ The c(2x 6) structure is always observed with the
2X 3 structure, and has the same building unit as the32
structure. Proposed >3 and c(2X6) structures are also
indicated in Fig. 7. Two kinds of phase boundaries are indi-
cated by arrows. Although the Si dimers of the original
Si(100)2x 1 structures can hardly be observed on the coex-
isting surface of the 3 and **1X 2’ phases, the registries
FIG. 6. Double-domain reciprocal lattices of ordeté@indu’, ~ Of the 2x3 andc(2x6) structures on a §i00) surface is
and the 4<4 pattern expected from alternate appearances of tw@lready knowrl” Then Si dimers of the original Si(100)2
units. The former is illustrated with an open circle, and the latterX 1 surface are illustrated in the top and on the left-hand side
with a cross. of Fig. 7, in order to clarify the positional relation between

075408-3



KAORU OJIMA, MASAMICHI YOSHIMURA, AND KAZUYUKI UEDA PHYSICAL REVIEW B 65 075408

Ba atoms and Si atoms of the substrate. In the€32phase, a
Ba dimer and two Si dimers consist of a unit cell, where a Ba ™
dimer terminates four Si dangling bonds and there remai
four unterminated Si dangling bonds. T X 6) phase is
explained by the alternate shift of the unit cell of thx 2
structure by a half-periodicity along theag direction. In a :
unit cell of thec(2x6) structures there are eight untermi-
nated Si dangling bonds. The Si substrates of both the
X3 andc(2X6) structures are reconstructed into x3
structure. On the other hand, in the 2"’ phase, the Si
substrate is reconstructed into ax2 structure, and Ba
dimers terminate all Si dangling bonds; this is considered a
stable configuration. In addition, adjacent Ba dimers along
the direction of a reconstructed dimer row buckle in opposite -~ o (@ A high-resolution filled-state STM imagéV,=
directions because the interaction due to the narrowing in the 1 44, andl,=0.20nA of the “1x 2" structure, and(b) san

distance.betvv.ee.n deacent two Ba dimers. In Fi'g. 7, a buckijustration showing positions of protrusions on the corresponding
led Ba dimer is indicated as a pair of a gray solid circle andnodel of the wavelike structur€,, C,, andE indicate a brighter
a black solid circle, where a gray one shows an upper Barotrusion, a darker protrusion, and a faint line, respectively.

atom and a black one a lower one. This model seems to bg, h c 4C) | bl d he diff
constructed on the original Si(100y2L surface. Consider- °rightness(C, andC,) is presumably due to the differences
) . ), . . of electronic states of Si atom. There are three kinds of Si
ing that the “*1X2’" structure is observed at higher cover-

dimers with different bonding conditions with Ba atoiugp-
age than that of the 23 structure and that the direction of up, up-down, and down-do?/vn shown in Figb§. |Eu§n

Si dimer in this model is orthogonalized with the direction of empty-state image, a protrusion is observed at the center of
Si dimer of original plane, it is concluded that this structurefoyr protrusions in a filled-state image, which corresponds to
is formed on the second Si layer. Since in this model, thehe position between two upper Ba atoms. Then an additional
bU|Id|ng block of the **1X 2" structure is similar to that of protrusion observed at a low Samp|e bias Vo|tage corre-
the 2<3 andc(2x6) structures except for buckling, the sponds to the position between two lower Ba atoms. As de-
“1X2" phase can connect abruptly with thex3 or  scribed above, the model illustrated in Fig. 7 explains STM
c(2x6) structures at the boundary PBOnN the other hand, images coincidently. In order to decide the absolute atomic
the connection at the boundary PB not abrupt but ran- structure of the **1x 2"’ phase, a further study by means of
dom, presumably due to the discontinuity of periodicity be-any other experimental methods, such as ion scattering spec-
tween the 23 [or ¢(2X6)] structures and the “X2" troscopy, is needed.

structure along the direction perpendicular to Ba dimers at

PBg. Itis distinct that the **1xX 2" structure comes from the V. CONCLUSION

dimerized 1x2 substrate. In this paper, Si(100‘'1 X2"-Ba is investigated by

It was described in Sec. Ill that a protrusion in a filled- . ~ i . )
state image is divided into four protrusions, and faint IinesSTM' Itis found that the *"Ix 2"* structure is not simple but

run through the diagonal direction. A higher-resolution STMC.Orm)l'c"’lted W'th a wavy strpcture. The wavy §tructure con-
image is shown in Fig. @ and the corresponding atomic sists of a combination of m|rror-symmetr|_c unit cells, (4,0)
structure using our model is illustrated in Figh8 where _><(1,|2) and (4,0 (&,—Z)there those lén'tsgo nott. arrangc(ja |
the open circlesC; andC,) and ellipse(E) indicate protru- In a long-range pattern. We propose a ba adsorption model,
sions and a faint line in a filled-state image, respectivEly. where buckled_ Ba dlm_ers are located on the_second Si layer
and C, correspond to brighter and darker protrusions, re{ﬁcto?ﬁmﬂcltidz,',m? a :i|mer|zed><]2f phatie. It "3 concluded
spectively. In addition, protrusions observed in an empty- at the structure comes from the random arrange-

state imagé€not shown hergare also illustrated by gray open ‘r“nent Of (4,0)(1,2) and (4,0x(1,-2) as well as the
circles, where a small protrusion is also observed at low L X2’ reconstructed substrate structure.
sample bias voltage. Considering the electronegativities of
Ba(0.9) and S{1.8), there is a charge transfer from Ba to Si.

Therefore, it is assumed that protrusions observed in a filled- This work was supported by Grant-in-Aid for Scientific

state image are due to Si atoms, and that the difference &esearciEncouragement of Young Scientists #12750029
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