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The Ga/S{100 surface is investigated using scanning tunneling microsd®¥M), scanning tunneling
spectroscopySTS, and low-energy electron diffraction. Two distinct peaks are observed orxtBeéza phase
using STS, which are associated with one Ga unoccupied state and two Ga-Si occupied states, respectively.
The latter peak is assigned to surface state bands observed using angle-resolved photoelectron spectroscopy
[Surf. Sci.242 277(1991)]. Regular arrays of Ga clusters are observed in STM images fortlie@a phase.
The spacing between Ga cluster arrays is constant, whereas the spacing between the clusters along an array
fluctuates. Adjacent arrays are out of phase in the direction perpendicular to the arrays. Steps are severely
deformed by the formation of theX8L-Ga phase. The initial stage and second-layer growths of ¥te®a
phase are observed. Ga clusters disrupt th@-85a phase[S0163-18206)05636-6

I. INTRODUCTION using STM and LEED. The features of STM images are
discussed in conjunction with LEED patterns.
It is generally believed that the surface phases induced by
group-lll metal atomgAl, Ga, and In are categorized into Il. EXPERIMENT

two groups. One group containsx@ (n=2, 3, and 3 The STM study is performed in an ultrahigh-vacuum
phases, and the other con§|sts_ of thel%a,c(_4><2n)-AI, (UHV) system pla?:/ed OIE: an air dampéihe basegpressure
and 4x3-In phases. Investigations have mainly focused ofg |ass than ¥10 8 Pa. The pressure during Ga deposition is
the 2x2 phase, with the use of low-energy electron diffrac-kept below 21078 Pa. P-type S{100) wafers with a resis-
tion (LEEzD)} angle-resolved photoelectron Spectroscopyyity of about 100 cm are used as substrates. The substrate
(ARPES,*"® x-ray standing-wave measuremehend total- s resistively heated by passing current through it. The sub-
energy calculation§® The so-called parallel dimer model is strate temperature is measured with an infrared pyrometer.
widely accepted as the structure of th&2 phase. It was Prior to the experiments, the substrate is repeatedly heated to
demonstrated that the images obtained by scanning tunnelinghd held at 1200 °C for 20 s, followed by slow cooling to
microscopy (STM) are consistent with the parallel dimer below 750 °C. After the heat treatment, the surface reveals
model. STM studies were performed by several graup. well-ordered dimer structures withx2 and X2 domains.
However, to the authors’ knowledge, no scanning tunnelingsa is evaporated from a heated tantalum basket. A constant
spectroscopySTS studies have been carried out so far.  deposition rate is achieved by controlling dc power supplied
In general, the surface phases which belong to the secorid the basket.
group are formed at higher deposition temperatures than
those in the first group! The nature of chemical bonds be- . 2 X2 PHASE

tween group-Ill metal atoms and Si atoms differs consider- A well-ordered 2 phase is formed on @00 with a
ably between the two groups.The phases in the second coverage of 0.5 ML at 250500 “¢.A STM image of this
group have larger unit cells. The surface structures observeg,iface is shown in Fig.(®). In the middle of the image, the
using STM appeared to be clusterlike, unlike those in thesample bias is abruptly switched from2.0 to 2.0 V,
2xn-Al, In phases®*’ The intrastructures of these cluster- whereby the registry relationship of protrusions at the oppo-
like features have not yet been clarified, because they argite bias polarities is determined. In this image, Si dimer
very complex in comparison with those of thex@ phases. rows run in the[0-11] direction. Protrusions are aligned
In the 8x1-Ga phase, periodic arrangements of clusterlikeacross the boundary of the bias switch in the Si dimer direc-
features similar to those io(4 X 2n)-Al and 4X3-In phases tion (perpendicular to dimer rowHowever, amr phase shift
were seen in the image, although the size and the shape of protrusions occurs in the direction of Si dimer rows. A
clusterlike features differ among three systéfhslowever, similar behavior was observed ornx2-Al.! This result is
more detailed information is needed to understand the strue@xplained well by the parallel dimer model in which Ga
ture of the 8<1-Ga phase. dimers with directions parallel to those of Si dimers are lo-
In this work, we perform STM and STS studies on thecated in troughs of Si dimer rows. The registry of protrusions
Si(1002x2-Ga phase. Two major peaks are observed, onwith respect to Si dimer structures is schematically illus-
of which is successfully assigned to the surface bands olirated in Fig. 1b). Protrusions seen at the positive and nega-
served using ARPESThe 8x1-Ga phase is also observed tive sample bias voltagefA and B in Fig. 1(b)] can be
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FIG. 1. (a) STM image of the X2-Ga phase. The sample bias is 25 2-15-1-050 05 1 15 2 25
switched from—2.0 V (upper partto 2.0 V (lower par} midway in Sample Voltage (V)

the image. The tunneling current is 1.0 nA. Si dimer rows run in the

[0-11] direction. (b) Schematic illustration of the parallel dimer FIG. 2. STS spectra measured @@ Ga dimers andb) Si
model. Open and filled circles denote Si atoms and Ga atoms, refimers. Topographic images are taken at a sample bias of 2.0 V and
spectively. Bold solid circles andB show the locations of protru-  a tunneling current of 1.0 nA.

sions at positive and negative sample biases, respectively.

In) dimer bonds. Deeper bands, i.8, (S;) and S; (S3),
have states with binding energies of 1.0-1.5 and 1.5-2.2 eV,

Topographic images are taken at the sample bias of 2.0 \rpspectively. It was _also shown thgf (S;) ands; (S;) are
and tunneling current of 1.0 nA. The normalized conductiv-dU€ t0 Al(Ga, In-Si bonds. Therefore, the broad peak ob-

ity is defined as ¢1/dV)/(1/V), which diverges at the sur- Served at 1.80 eV belo in Fig. 2b) is successfully as-
face band edge becausd/ converges to zero faster than Signed toS, (S;) andS; (S3) bands obtained using ARPES.
dl/dV. Thus the broadening dfV by convolution with an A very small peak observed at 1.0 eV beld#y may
exponential function is carried out with the broadening widthcorrespond to th&,; band. However, thi$,; state has a maxi-
of 0.8 eV!® The resultant normalized conductivity measuredmum charge density between Ga dimer atoms and, therefore,
on the protrusions at positive and negative sample bigses hasp,, characterwhere thexy plane is parallel to the sur-
andB in Fig. 1(b)] are shown in Fig. 2. One characteristic face. The wave function of thé&, state must rapidly decay
peak is observed in Fig.(®. Apparently, this peak is due to into the vacuum, which may be the reason for the smallness
Ga dimers. The STM images ofx2-Al at the positive of the peak at 1.0 eV belovier. Consequently, the STS
(negative sample bias were simulated using the local densityspectra agree well with the ARPES resdlts.
of states(LDOS) of the unoccupiedoccupied states inte- On the clean $100) 2X1 surface;m-bonding states of Si
grated around the bottom of the conduction béhe top of  dimers were observed with a binding energy-ef.0 evV?°
the valence band The protrusions seen at positive sample The o-bonding states of Si dimers and Si backbond states
bias were assigned to the unoccupied dangling-bond states wire shown to be located belokd:—2.0 eV. The dangling
Al. Thus the peak shown in Fig.(& exhibits the LDOS of bonds on the clean surface are terminated, and the surface
the unoccupied dangling-bond states of Ga. They have states associated withbonds vanish by the formation of the
maximum LDOS at 1.44 eV above the Fermi levEl]. 2X2-Ga phase. Thus none of the surface states originating
A broad peak is observed in Fig(l8 with a maximum  from the Si dimer structure were observed in STS spectra.
intensity at 1.80 eV belovEL. The electronic structures of Another peak at the positive sample bias is identical to the
the 2<2-Al, 2X2-Ga, and X2-In phases were investigated peak seen in Fig. (2. Protrusions of Ga dimers are elon-
using ARPES ™’ Five bonding state bands were observedgated in the Ga dimer direction, as shown in Figa)l
in the three systems. The shallowest b&jdas states with Neighboring protrusions overlap at the boundary, which re-
a binding energy of-1.0 eV.S, is associated with A(Ga, sults in the existence of Ga dimer states above Si dimers.

assigned to Ga and Si dimers, respectively.
STS measurements are performed on th@ Z5a surface.
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FIG. 4. LEED pattern from the8n Ga phase.

5. This observation is consistent with that of the previous
STM study by Baski, Nogami, and Quate, although they
showed onlyn=4 and 5! The size and shape of the clusters
are almost identical. The clusters appeared to be oblong pro-
trusions in the image given in the previous stddyndi-
vidual clusters are resolved into two subunits in the unoccu-
pied state imaggFig. 3(b)], whereas they are resolved into
four subunits in the occupied state imddeg. 3(a)]. Small
clusters(e.g., 5, 6, 14, and 35can be seen in Fig.(8),
which are responsible for the anomolous periodicitynef3

and 4.

The adjacent arrays are frequently out of phase in the
direction perpendicular to the arrays. For example, the arrays
labeledb andc shift by 2a anda in the opposite direction to
the array labeled, respectively. The LEED pattern from this
surface only exhibits 81 periodicity (Fig. 4). A similar
LEED pattern was observed by Bouguignon, Carleton, and
Leone? We have already observed similar phenomena in
Si(111)5X2-Au. In this system, the arrangements are ordered

ML formed at 450 °C:(a) sample bias-1.6 V, tunneling current °”'Y al_o!'lg 2< periodicity. One-_dimen_siona_d rows along<2
0.2 nA; (b) sample bias 1.4 V, tunneling current 0.2 nA. The direc- periodicity are out of phase with their neighbors along 5

. . . . . 22
tions of Si dimers on the predominant terraces are perpendicular #€fiodicity. The corresponding LEED pattern is 5. Ac-
each other ina and (b). cording to the interpretation of the LEED pattern from

Si(111)5X2-Au, the clusters shown in Fig. 3 lie on the regu-
lar 8X1 lattices, though only one-fifth of these lattices are
occupied on averag@. This results in sharp spots corre-
Figure 3 shows STM images of the surface with a Gasponding to the 81 pattern. In the $111)5X2-Au system,
coverage of 0.8 ML formed at 450 °C. Regular arrggg., half-order streaks appear in the LEED pattern, which indi-
a—d in Fig. 3(a)] of rectangular clusters are observed. Simi-cates X periodicity. Continuous lines imply complete dis-
lar clusters were observed in thé4x 2n)-Al phasé®and in  order along X periodicity. Similar streaks are not observed
the 4x3-In phasé’ The common feature of these phases isin Fig. 4. Instead, spotty one-fifth-order diffraction features
that they are formed at elevated temperatures. The spacirage observed, as indicated by arrowheads. These spotty fea-
between adjacent arrays is exactly Bvherea=3.84 A, the  tures are reproduced in two-dimensional fast Fourier trans-
period of the ideal $1L00 surfacd. The predominant spac- form (2D FFT) patterns obtained from the STM images.
ing along the array is & between clusters labeled 1-23. Thus they are due to>6 periodicity along the cluster arrays.
However, the spacings between clustérs5—6 are & and In the valley between adjacent cluster arrays, regular rows
those between 6—7 and 13-14-15-16 aae¥herefore, the of protrusions are observed in Figh3 (e.g., that labeleé).
surface phase should be referred to an8with n=3, 4, and  The spacing between protrusions ia,2vhich is similar to

FIG. 3. STM image of the 8n-Ga phase with a coverage of 0.8

IV. 8 xn PHASE



54 SCANNING TUNNELING MICROSCOPY ON Ga/$100) 8759

the spacing between Ga dimers ix2-Ga. However, these
protrusions form zigzag chains along the rows in the occu-
pied state imagglabelede in Fig. 3(a)]. Protrusions of zig-
zag chains shift by 1&from their nearest neighbors in the
direction perpendicular to the arrays. The spacing between
equivalent protrusions along the rows ia.4Therefore, they

do not correspond to Ga dimers. In the LEED pattern shown
in Fig. 4, one-fourth-order streaks are observed, as indicated
by arrows. From the 2D FFT patterns of STM images, they
are shown to originate mainly from zigzag chains witk 4
periodicity along the Ga cluster arrays.

The detailed atomic arrangement of th&r8 phase still
remains unknown. Two modelglimerized structure model
and incommensurate overlayer mgdskre proposed for the
8xn phasé! Ga atoms form dimers with one dimer missing
every three dimers in the former model, while the Ga over-
layer is formed incommensurately with underlying Si layers
in the latter model. However, these two models appear to be
inconsistent with the STM images. It was demonstrated that
the desorption energy of Ga from (800) drastically de-
creases from the >22-Ga phasg2.9 eV) to the 8<n-Ga
phase(2.3 eV).1®> Moreover, dangling bonds on the clean
surface are fully terminated by 0.5 ML of Ga, and the nature
of bonding should be different in>2 and 8<n phases.
Therefore, the formation of clusters shown in Fig. 3 is more
natural than the formation of a two-dimensional Ga over-
layer above 0.5 ML. An individual Al cluster is estimated to
contain 5—-6 Al atoms, and an individual In cluster is to con-
tain 57 In atom$3” However, one Ga cluster should con-
tain 32 Ga atoms when the surface is assumed to be com-
pletely covered with the 85 phase at 0.8 ML. This marked
difference between Ga and Al, In cannot be explained so far.

Figure 5a) shows a STM image of the surface with a Ga FIG. 5. () STM image of a Ga-adsorbed surface with a cover-
coverage of 0.5 ML formed at 450 °C. Almost the entire age of 0.5 ML formed at 450 °C. The sample bias is 2.0 V, and the
surface is covered with thex2 phase. However, bright pro- tunneling current is 1.0 nAlb) STM image of a Ga-adsorbed sur-
trusions are observed, which may be identical to the clusterigce with a coverage slightly higher than that in Fig. 3. The sample
shown in Fig. 3. The initial stage of cluster formation werebias is—1.6 V, and the tunneling current is 0.2 nA.
also observed on Al-§100) and In-S{100).1%'" However,

the difference among the three systems is that the clusteffe jsjand is perpendicular to that of Ga cluster arrays on the
nucleate directly on the clean surfaced(4x2n)-Al and  sgme terrace. The number of such islands tends to increase

4x3-In, whereas the clusters grow after the completion Ofith Ga coverage. Therefore, it seems that a second layer of
the 2<2-Ga phase in 8n-Ga. As indicated by an arrowhead fthe 8xn phase can be grown on the first layer.

in Fig. 5(a), extended dark areas are present in the vicinity o
Ga clusters. This suggests that the growth of Ga clusters
proceeds while disrupting the<2-Ga phase.

The formation of Al and In clusters were considered to be
accompanied by the displacement of underlying Si
atoms'®1’ This view was supported by the growth of a sec-
ond Si layer on terraces at the initial stage of deposition.
Further evidence is that zigzag steps were formed with the The Ga/Sil00 surface is investigated using STM, STS,
completion of thec(4 X 2n)-Al phase, which was ascribed to and LEED. Protrusions seen at positive and negative sample
trapping of displaced Si atoms at the original steps. Figurdias voltages can be assigned to Ga and Si dimers. Two
5(b) shows an image from a surface with a Ga coverageharacteristic peaks are found using STS at 1.44 eV above
slightly higher than that shown in Fig. 3. The surface isand 1.80 eV belowE.. The latter peak is successfully as-
entirely covered with the 8n phase. Zigzag steps similar to signed to the two occupied surface bands observed using
those on the Al-adsorbed surface are formed. Thus displac&RPES.
ment of Si atoms and trapping of them at steps may occur Regular arrays of Ga clusters are observed with a constant
during the growth of &n-Ga phase. A one-dimensional is- spacing of & between the arrays. The spacing between clus-
land indicated by an arrowhead is formed near the step edgers along the array ina (n=3, 4, and 5. Adjacent arrays
on the upper terrace of the step. The clusters in this island amre out of phase in the direction perpendicular to the arrays,
identical to Ga clusters in thex phase. The direction of which is responsible for the>81 LEED pattern from the

V. CONCLUSIONS
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