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Si„100…233-Na surface phase: Formation and atomic arrangement
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Using scanning tunneling microscopy~STM!, we have studied the formation and structure of the
Si(100)233-Na surface phase. It has been found that both the formation process and atomic arrangement of
the Si(100)233-Na surface differ substantially from those known for 233 reconstructions induced by other
alkali and alkaline earth metals, since the Si~100!233-Na phase is the only one in which the top Si layer
undergoes a substantial reordering. The Si-atom density in the Si(100)233-Na surface phase has been deter-
mined to be 1/3 ML. A structural model of the Si~100!233-Na reconstruction has been proposed, and its
registry to STM images has been discussed.@S0163-1829~98!01131-X#
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I. INTRODUCTION

A great variety of ordered structures has been obser
during deposition of submonolayer metal films on silic
crystalline surfaces.1 Among those structures, there are se
eral that are common for a number of different adsorba
However, similar periodicity does not necessarily imply
similar atomic arrangement. The Si(111)A33A3 reconstruc-
tion furnishes an illustrative example of such a structu
Several types of Si(111)A33A3 structure are known: the
A33A3 reconstruction induced by group-III atoms~Al, Ga,
In! is formed by adatoms occupyingT4 sites on a bulklike
terminated Si~111! surface,2–4 boron atoms in theA3
3A3-B phase occupyS5 substitutional sites directly benea
Si adatoms,5 A33A3-Sb andA33A3-Bi structures are built
of adsorbate trimers,6–8 theA33A3-Ag phase has a compli
cated honeycomb chained trimer structure,9 etc.

Another example of a common structure is Si(111)331
reconstruction induced by alkali metals such as Li, Na,
and Cs.10–13The structure of Si(111)331 surfaces has bee
a subject of furious debates which still seem to be far fr
providing a conclusive consensus.12–18 However, it is now
commonly supposed that the atomic structure of
Si(111)331 reconstruction should be very similar for a
metals, and is predominantly a Si~111! substrate reconstruc
tion.

It is particularly remarkable that the same alkali met
~except for Li, but also including the alkaline earth metals
and Sr!, being adsorbed on a Si~100! surface, again form a
PRB 580163-1829/98/58~8!/4972~5!/$15.00
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common superstructure, namely, a Si(100)233 one.19–30 In
the structural models proposed for Si(100)233 reconstruc-
tions induced by K,20 Cs,23,24Ba,26 and Sr,29 adsorbate atoms
are assumed to reside on theintact the Si(100)231 substrate
surface. However, for the case of Si(100)233-Na surface,
Glander and Webb22 suggested, from low-energy electron
diffraction ~LEED! observations, that Na induces structur
changes in the underlying Si. Thus the questions ‘‘Is
atomic structure of Si(100)233 reconstruction similar for
all metals?’’ and ‘‘Does Si-atom reordering take place
Si(100)233 surface phase formation?’’ remain open.

In the present paper, we report results of a scanning
neling microscopy~STM! study of Si(100)233-Na phase
formation. Direct evidence has been found for Si-atom re
dering, and top Si-atom density in the Si(100)233-Na sur-
face phase has been determined. The obtained results a
us to propose a plausible model of the Si(100)233-Na
structure.

II. EXPERIMENT

Experiments were carried out in an ultrahigh-vacuu
chamber with a base pressure of 1.131028Pa equipped with
STM ~‘‘Omicron’’ ! and LEED systems. The substrates us
were Sb-doped 0.052V cm Si~100! wafers. Atomically
clean Si~100! surfaces were preparedin situ by heating to
1250 °C after the samples were first outgassed at 600 °C
several hours. After this treatment, a sharp 231 LEED pat-
tern was observed, and STM images corresponded to a w
ordered Si(100)231 surface. Sodium was deposited from
4972 © 1998 The American Physical Society
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thermal cell from SAES Getters Inc. The deposited Na c
erage was estimated from a surface area covered by
Si(100)233-Na phase in STM images, assuming the satu
tion coverage of the 233-Na phase to be 1/3 ML in accor
dance with the data of Ref. 22. For STM observations, e
trochemically etched tungsten tips cleaned byin situ heating
were employed. All STM images presented in this pa
were acquired at positive tip bias voltages~filled states!. We
were unable to acquire empty-state images in agreement
the prediction of theoretical work,31 where an electrical field
was shown to inhibit empty-state STM imaging of alka
metals on the Si~100! surface.

III. RESULTS AND DISCUSSION

Figure 1 demonstrates the evolution of surface struc
during adsorption of Na on a Si(100)231 substrate held a
about 400 °C. Figure 1~a! shows a filled-state STM image o
a fresh Si(100)231 surface prior to Na deposition. The su
face consists of flat terraces about 500 Å in width separa
by monoatomic steps, and contains a modest number of
face defects. Na adsorption already alters the surface s
ture drastically at the very initial stages of Na deposition.
one can see in Fig. 1~b!, the main features of this surface a
the appearance of regions of 233 reconstruction near th
step edges, and the formation of numerous furrows and
lands on the terraces. Closer inspection reveals that the
face, both in the furrows and on top of the islands is cove
by a 233 reconstruction~see Fig. 2!. The direction of 3a
periodicity on the 233 islands appears to be parallel to t
direction of Si dimers of the original Si(100)231 surface.
The 233 domains in the furrows are in the orthogonal o
entation.

Such a behavior definitely indicates a significant Si m
transport during Si(100)233-Na surface phase formation
This means, in turn, that the top Si-atom density in the
33-Na phase should differ from 1 ML, the top Si-atom de
sity of the original Si(100)231 surface. As a result, durin
233-Na phase formation, excessive Si atoms are remo
from the top Si monolayer in the regions which show up
STM images as furrows on Si(100)231 terraces. The re
leased Si atoms agglomerate with each other and with a
ing Na atoms, to form 233-Na islands. This process i
shown schematically in Fig. 3~b!.

Figure 3~b! also illustrates the growth of the 233-Na
phase near the step edges. In this case, Si atoms deta
from the step edge contribute to the spreading-out of th
33-Na phase over the lower terrace. Detachment of Si
oms from the step edge is believed to be a more likely p
cess compared to extraction of Si atoms from their sites
the flat terrace. Thus, in the initial stages of 233-Na growth,
the most extended areas of 233 reconstruction are observe
near the step edges@see Fig. 1~b!#. The supply of Si atoms
from a step edge continues until the step motion is bloc
by a 233-Na island or a 233-Na furrow already formed on
the upper terrace.

The process of 233-Na phase formation comes into sat
ration when no bare Si(100)231 regions are left, and the
whole surface becomes covered by the Si(100)233-Na sur-
face phase@Fig. 3~c!#. The STM image of such a surface
shown in Fig. 1~c!. The surface contains 233-reconstructed
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islands of basically rectangular shape. The area betwee
lands also has a 233 reconstruction, but in the orthogona
orientation. The latter regions originate from the spread
out of the furrows observed at the early stages of Na ads
tion. 233 regions on the upper terraces near the step ed
are free of island as a result of the growth supplied by
mass transport from the step edges.

FIG. 1. Filled-state~11.8 V, 0.2 nA! 10003800-Å2 STM im-
ages of Si(100)231 surface:~a! prior to Na deposition;~b! after
deposition of about 0.15-ML Na;~c! after deposition of about
0.35-ML Na.
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Determination of a fraction of the surface area covered
233-Na islands (S) allows one to estimate the Si-atom de
sity (QSi) in the Si(100)233-Na surface phase. The surfa
between islands which occupies an area fraction of 12S is a
source of Si atoms for 233-Na island formation, and it sup
plies (12S)(12QSi) ~ML ! of Si. This Si amount is accu
mulated in 233-Na islands and, thus, equalsSQSi . Equat-
ing these values,

~12S!~12QSi!5SQSi ,

one can easily obtain that

QSi512S,

i.e., top Si-atom density in 233-Na expressed in ML units is
equal to the fraction of surface area between islands. F
Si-atom density evaluation, the STM images of t
Si(100)233-Na surface in saturation were used. The wid
terraces were chosen, and the area adjacent to the step
was excluded from consideration. During area determina
we took into account the existence of surface defects wh

FIG. 2. ~a! 3D STM presentation of 2203220-Å2 area on
Si~100! surface at the initial stage of Si(100)233-Na surface phase
formation.~b! Schematic sketch of the shown area.
y
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pin some Si atoms and do not allow them to participate
233-Na phase formation. This estimation results in a va
of 0.3860.08ML which is believed to correspond to13 ML,
i.e., to two Si atoms per 233 unit cell.

The obtained data provide a ground for discussion on
Si(100)233-Na atomic arrangement. Returning to the qu
tions raised in Sec. I, it can be concluded that the structur
the Si(100)233-Na phase should differ significantly from
those of Si(100)233 reconstructions induced by K, Cs, B
and Sr, since the 233-Na phase is the only one among oth
233 phases in which the top Si layer is found to under
substantial reordering. Thus none of the structural mod
proposed for Si(100)233-K ~Cs, Ba, Sr! phases is suitable
for the Si(100)233-Na phase. The 233-Na structure mode
proposed by Glander and Webb22 incorporates the Si surfac
atom reordering, but it is in contradiction with some data
the present work; that is, their model suggests the top
atom density to be 2/3 ML~instead of 1/3 ML!, and the
direction of the 3a periodicity to be orthogonal~instead of
parallel! to the direction of Si dimers of original Si(100)2
31 surface. These requirements are satisfied in the m
shown in Fig. 4. To fit the proper orientation of the 233 unit
cell, we suggest that the basic Si~100! plane has a structure
similar to that of the Si(100)331-H32 surface, i.e., it con-
tains a sequential alternation of Si dimer rows and Si-at
rows. Two additional Si atoms per 233 unit cell are sup-
posed to form an extra dimer on top of the Si(100)331
surface. Two Na atoms~shown as dark circles in Fig. 4!
yield a Na coverage of 1/3 ML, in agreement with the data
Ref. 21.

Some indication on the validity of the proposed atom
geometry can be found in high-resolution STM images of
Si(100)233-Na surface~Fig. 5!. In filled-state STM images
the 233-Na unit cell always shows up as asymmetric w
respect to the mirror plane along the 2a periodicity direction.
However, the appearance of this surface turns out to dep
greatly on the tunneling conditions. The most significa

FIG. 3. Schematic illustration of Si(100)233-Na phase forma-
tion: ~a! Si(100)231 terraces separated by monoatomic steps p
to Na deposition.~b! Initial stage of Si(100)233-Na surface phase
formation. Directions of Si mass transport are shown by solid
rows. The location of terraces before Na deposition is shown by
dashed line.~c! Completion of Si(100)233-Na surface phase for
mation.
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variations in STM images are associated with a variation
tunneling current, while a variation in bias voltage in t
range from11 to 13 V has smaller effect. As an exampl
Fig. 5 shows the appearance of the same region of

FIG. 4. Structural model for Si(100)233-Na surface phase
Silicon atoms are shown as open circles, and sodium atoms
shown as dark circles. The 233 unit cell is outlined.

FIG. 5. STM images of the same 2503220-Å2 area of the
Si(100)233-Na surface acquired at the same bias voltage of12 V
but at different tunneling currents:~a! at 0.2 nA ~‘‘low current’’
regime! and~b! at 1.7 nA~‘‘high current’’ regime!. The appearance
of 233-Na changes significantly, while the appearance
Si(100)231 surface seen in the upper part of the figures rema
practically unchanged.
n

e

Si(100)233-Na surface in STM images acquired in ‘‘low
current’’ and ‘‘high current’’ regimes. The transition curren
value separating ‘‘low current’’ and ‘‘high current’’ range
varies from one STM tip to another. However, the featu
characteristic of each acquisition regime were reproduc
obtained with different tips.

This behavior can be explained on the basis of rece
reported theoretical results on STM imaging of the N
Si~100! surface,31 where it was shown that the vertical pos
tion of Na atoms is very sensitive to a tip-induced elect
field whose variation is associated with the change of tunn
ing current rather than that of bias voltage. It was also
ported that Si atoms are less sensitive to the field. Tak
into account the different response of Na and Si atoms to
applied field, we attempted to find the registry of the mod
to the STM images. The consideration was based on
assumption that the most significant field-induced variatio
should occur in the sites of Na-atom location. The results
these considerations are illustrated by Fig. 6, which sho
the registry of the model to the protrusions seen in ST
images acquired in ‘‘low current’’ and ‘‘high current’’ re
gimes. In low current STM images, both Na atoms and the
dimer show up as oval protrusions of slightly different sha
but with the same apparent height. In contrast, in high c

FIG. 7. High-resolution 80380-Å2 STM image of a Si(100)2
33-Na surface acquired at a bias voltage of12 V and a tunneling
current of 1 nA. 233 unit cell is shown. The region in the lowe
left part is occupied by the intact Si(100)231 surface.

re

f
s

FIG. 6. Location of protrusions seen in STM images with r
spect to the proposed Si(100)233-Na structural model. Silicon at
oms are shown as open circles, and Na atoms are shown as sh
circles.
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rent STM images, the ‘‘Na subunit’’ within the 233 unit
cell becomes noticeably lower and each Na atom is beli
to be resolved~see Fig. 7!.

Closer inspection of high-resolution STM images rev
some additional features of the Si(100)233-Na structure
The coexistence of a 233-Na surface phase with a region
an intact Si(100)231 surface~lower left part of Fig. 7! en-
ables us to determine that Na atoms occupy basically
cave sites, in agreement with the recent theoretical resu31

One can notice that some Na atoms are missing; i.e.,
unit cells contain two Na atoms as suggested by the m
while the others have only one atom per unit cell. Thi
believed to be due to the fact that formation of the
33-Na phase takes place at temperatures where Na de
tion is already noticeable. The relatively high density
structural defects is also a characteristic feature of
Si(100)233-Na surface. For example, one can see two
tiphase domain boundaries in Fig. 7, one being immedia
below the outlined unit cell and the second two unit cell
the right. In accordance with the proposed structural mo
the origin most of the defects is a simple permutation of
and Si subunits within a 233 unit cell.

IV. CONCLUSION

Formation of the Si(100)233-Na surface phase at N
deposition onto a Si(100)231 surface held at about 400 °
has been studied by scanning tunneling microscopy.
.
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dence has been found that the growth of the Si(100
33-Na phase involves substantial Si mass transport. Si
ordering has been found to be due to the fact that the
Si-atom density in Si(100)233-Na phase is 1/3 ML. The
obtained information on the 233-Na structure@Si-atom den-
sity, registry of the 233 unit cell with respect to original
Si(100)231 surface, and appearance of the 233-Na surface
in the STM images# are incorporated into the proposed stru
tural model of the Si(100)233-Na surface phase. In the
model, the 233 unit cell contains two Na atoms in cav
sites, and one extra Si dimer residing on
(331)-reconstructed surface with a sequential alternation
Si dimer rows and Si-atom rows.
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