Electronic structure of Si(111)-7 X7 phase boundary studied by scanning
tunneling microscopy
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Remarkably low electron density of Si adatoms at thdH)-7X7 phase boundary was found by
scanning tunneling microscopy. The observed charge transfer was apparent with sample bias
voltages down to~—0.8 eV, close to the value of the dangling bond state of the rest atoms in the
Si(111) 7X7 surface. In consideration of the DA&imer-adatom-stacking falltmodel, the
observed charge transfer could be related to the structural change in the dimer layer caused by phase
mismatching at the boundary. In fact, such charge transfer was not observed at the less disordered
boundaries formed by introducing<® half unit cells. Similar large charge transfer was found to
occur in the quenched disorderek1 structure. These results agree with the similar chemical
reactivity observed in the two disordered structures1@95 American Institute of Physics.

In the chemical reaction processes occurring on materighressure during the heat treatment was kept bete®
surfaces, electronic structure of the substrate surfaces 81078 Pa. STM was performed at room temperature using
known to play essential roles. As Avouri al. showed in  an electrochemically etched tungsten tip, and all STM im-
atom-resolved surface chemistry by scanning tunneling miages shown in this letter were obtained in the constant cur-
croscopy(STM), initial reactive sites and subsequent reac-rent mode.
tions of oxygen and NkImolecules on Si surfaces were gov- Figures 1a) and ib) show empty-statésample bias:
erned by the local electronic structure of the substrafé®r vV =2.0 V), tunneling currentl,=300 pA and filled-
charge transfer between adsorbates and substrates, the impstate (Vs=—2.0 V, 1,=300 pA) STM images of a
tance of the energy level structure of the substrate surfac®i(111)7X7 phase boundary, respectively. The phase bound-
was shown by the analysis of the high-resolution photoemisary is indicated by A—A in the figures. Phase mismatching at
sion spectroscopy spectrum for the alkali metal adsorptiotthe boundary is apparent in the empty-state image, as shown
onto Si surface$ These properties are also very important inin Fig. 1(a); however, adatoms at the boundary are as bright
understanding, for example, the processes of atomic layexs those in the regular<7 regions. On the other hand, STM
epitaxy* and initial growth of compound semiconductdrs. images of adatoms at the boundary are darker and vague in
Therefore, in order to design and control the material structhe filled-state image, as shown in Figb}, indicating lower
ture on an atomic scale, it is very important to characterizeelectron density of the adatoms at the boundary region. Since
and understand the influential local electronic structures ofidatoms with higher electron density were not observed
material surfaces/interfaces.

Recently, in the molecular beam epitaxial growth of Si
and Ge on Sil11) 7X7 substrate, the nucleation and growth
modes of Si or Ge islands were found to be strongly affected
by the existence of the phase boundi¥/Despite the im-
portant roles of the local electronic structure as mentioned
above, STM studies performed on thg13il)-7X7 domain
boundaries have clarified only the arrangement of the first-
layer adatom$:2 In addition, the formation and relaxation
mechanisms of the stacking fault are essential with regarding
to the S{111)-7X7 surface reconstructidhiTherefore, analy-
sis of the phase boundary, including underlayers, is very im-
portant from both practical and fundamental points of view.

In this letter, with consideration of the bias-voltage-
dependent STM images, the structure of th€lBI)-7Xx7
phase boundary will be discussed in detail on the basis of the
DAS (dimer-adatom-stacking-fatiimodel® !

Phosphorous-dope@l 2 cm) Si(111) sample surfaces d
were prepared by conventional heat treatment following a A
one-day prebake. Base pressure wak.0x10 8 Pa, and

FIG. 1. STM images of domain boundary f@® empty state(V;=2.0
V, 1,=300 pA) and (b) filed state (Vs=-2.0 V, |,=300
¥Electronic mail: hidemi@mat.ims.tsukuba.ac.jp pA).
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FIG. 3. Magnified imagéa) and its structural modéb) of the squared area

in Fig. 1.

FIG. 2. STM images of a domain boundary obtained [&) V.=

—0.5V and (b) Vs=—1.0 V]. Tunneling current was 300 pA.

the boundary are indicated by large and small solid circles in

Fig. 3(b), respectively.

around the boundary, the observed charge transfer is consid- According to the DAS model, dimers are formed be-
ered to be occurring from the adatoms to the underlayers. wween the faulted and the unfaulted halves of>a77DAS

Among the adatoms in a regula<7 unit cell, center  ynit. For the left-hand side of the boundary, since the faulted-
adatoms are known to be less brighter than the corner ad@alf unit cells of the left X7 domain are in contact with the
toms, because center adatoms are surrounded by twofold régdundary which has unfaulted structure, dimers remain along
atoms; thereby, the amount of the charge transfer to the re®-B, as shown in Fig. ®). On the other hand, in the right
atoms is larger for the center adatoms than the cornedomain, unfaulted halves of thex7 units are neighboring
adatoms:? Therefore, a possible explanation for the ob-the unfaulted structure of the boundary. Therefore, atoms on
served bias-dependent STM images is that formation ofhe edge of the unfaulted-half unit cells along C—C in Fig. 2
dimers in the DAS structure was interrupted by the phas€annot form dimers and remain as rest atoms, as indicated by
mismatching at the boundary, and additional dangling bondsolid circles along C-C. As we expected, adatoms between
were created along the boundary. When the number of darhe two lines B-B and C—-C are dark, indicating the exist-
gling bonds surrounding adatoms is increased at the domaffice of charge transfer. However, adatoms situated near the
boundary compared to the regulax 7 surface, larger charge COrner adatoms of the>77 units in the right domain are
transfer from adatoms to the dangling bond states is expectdfighter, which corresponds to the fact that the number of

to make the adatoms in the boundary region darker in th&est atoms surrounding the corner adatoms are relatively
filled-state images small. All the center adatoms in the right domain along the

boundary indicated by arrows in Fig. 3 are influenced by the

In order to examine our model, we measured the biasE)oundar and are darker than other center adatoms as shown
dependent image of the phase boundary. Figufes &nd y

‘ . in Fig. 3, as expected. In a larger phase boundary area indi-
2(b) show two filled-state STM images of a boundary ob- . N
tained at different negative sample bias voltagg§(a) —0.5 cated by E, there are many dangling bonds, as shown in Fig.

V and (b) —1.0 V1. As sh i Fi d h 3. Therefore, we can expect more dark adatoms in this area
and (b) —1.0 V]. As shown in Fig. £3), adatoms at the compared to the boundary between B—B and C-C, which in
boundary are dark av,=-0.5 V; however, they be- fact was observed, as shown in FigaB

come less dark, as shown in Figbpwhen the bias voltage In consideration of the DAS model, it is possible to form
was increased to over0.8 eV, the energy level of the rest g phase boundary with less disturbance of the Si-dimer layer.
atom dangling bond staté. One possible way is to introducex half unit cells, as is

Figures 3a) and 3b) show a magnified image and struc- schematically shown in Fig.(d). Since dimers remain in this
tural model of the squared are in Figbl Faulted and un- case, and the number of rest atoms surrounding tké 5
faulted sites are indicated by F and U in FigbjB respec-  adatoms is close to that of the corner adatoms in a regular
tively. Since the K7 structure is known to be formed from 7x7 structure, charge transfer at the% half unit cell must
the unfaulted half and the isolated faulted-half structure ise similar to that at the corner adatoms. In fact, such a
unstable, the structure of the boundary region was assumesbundary was observed by STM, as shown in Figp)4and
to be unfaulted here. Dark adatoms at the phase boundary &l adatoms in the 85 half unit cells were as bright as the
the filled-state image and the extra rest atoms formed arountbrner adatoms in theX77 unit cells even for the filled-state
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FIG. 4. A structural modela) and an STM imagéb) of a domain boundary
formed by introducing %5 half unit cells, Vs=—2.0V,l;=300 pA.

images, as expected. This rule was well verified for the struc-

)

The empty-state image of the adatoms in the disordered area
was as bright as that of other adatoms in the regulav 7
area; however, their filled-state image was apparently dark
for bias voltages down te-—0.8 V. Recently, a quenched
Si(111) surface was imaged by atomic force microscopy
(AFM) in air, and 77 domain boundaries and disordered
1X1 structures associated with the phase transition from
1X1 to 7X7 were similarly observed as protrusions 0.1-0.15
nm higher than the regularX77 region, indicating similar
surface reactivity of these structurdsExtra atoms on the
top layer were bright for both bias polarities, indicating a
metallic electronic structure. The triangulax 1 phase struc-
ture has not been clarified yet; however, similar charge trans-
fer to that at the phase boundary may explain the similar
chemical reactivity observed by the AFM measurement for
these two disordered areas. According to our model, dimers
seem to be formed at the boundary.

In summary, lower charge density of the top-layer Si
atoms at the $111)-7X7 phase boundary was found by
studying the bias-voltage-dependent STM images. On the
basis of the DAS model at the phase boundary, the change in
the electronic structure could be attributed to the charge
transfer caused by the disorder in the dimer layer at the phase
boundary. Phase boundary with less disorder formed by in-
troducing 5<5 half unit cells was found to exist, the STM
image of which was explained well by our model. Similar
large charge transfer was found to occur at the disordered
1X1 triangular structure formed by quenching. These results
are consistent with the similar chemical reactivity observed
for these two disordered structures.
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FIG. 5. STM images of a disorderedx1 triangular structure(a) V,

Similar large bias-voltage dependence was observed f
the disordered triangularxl phase€? as is shown in Fig. 5.
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