
UA0100949

Interaction of submonolayer Bi films with the Si(100) surface
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Scanning tunneling microscopy and Auger electron spectroscopy were used to investigate interaction of
submonolayer Bi films with the Si(100)-2xl surface. Ultrasmall Bi amounts (<0.15ML) do not form ordered structures,
if deposited at room temperature. Annealing at 400°C causes Bi to coalesce into small islands of the densely packed
2x1 phase. Simultaneously, vacancy clusters are produced in the substrate, which remain after desorption of Bi at
600''C. In contrast, room temperature deposition and thermal desorption of larger Bi amounts (>0.25ML) produces
vacancies grouped into lines. Further annealing of such a substrate in the temperature range of 600 C < T < 750°C
causes the phase transition between the Si(100)-2xn andSi(]00)-c(4x4).

annealing a clean Si sample [9-10], interaction
with hydrogen [11-12], oxygen [13], diborane
or decaborane gases [14], homoepitaxy on
Si(100) [15] and during simultaneous Bi
adsorption and desorption processes [16], all
under the UHV background conditions and at
elevated temperatures. Though it was proven
that Si(100)-c(4x4) structure can be induced by
the presence of 1/4-1/3ML of carbon [17], it is
generally accepted that this structure is also
inherent to the clean silicon sample. In this
work we will focus on submonolayer Bi films
on the Si(100) substrate and surface phase
transitions induced by them.

The Si(100) surface exhibits several phases,
depending on various factors, and its study is
interesting due to the practical importance in
semiconductor technology. The basic Si(100)-
2x1 structure is now characterized in great
detail [1-2]. Ordered dimer vacancies structure,
named 2xn, was found on both Ni-contaminated
[3-4] and clean [5-6] Si(100) surfaces.
Theoretically it was established, that a
compressive surface strain parallel to dimer
rows stabilizes the 2xn structure [7]. The
Si(100)-c(4x4) phase was theoretically
predicted by Pandey [8] and observed after:

Fig. 1. a) Clean Si(100)-2xl surface, 270x270A2, £/=-
on Si(100)-2xl at room temperature, b) 270x270 A2,

1.3 V, I=96pA,
2. Results and discussion

All experiments were performed in a UHV
chamber equipped with scanning tunneling
microscope (STM), Auger electron
spectrometer (AES) and all necessary
preparation facilities [18]. The base pressure did
not exceed 2xl0"10Torr. The Si samples were

-1.5V, 1=5 6pA; b-c) Submonolayer Bi films deposited

U=-1V, I=96pA, OBI=0.06ML; C) 270x270 A2, U=-

6Br0.15ML

cut from P doped (4.5 Ohmxcm) wafers with
(100) orientation. Before loading into the UHV
chamber, they were rinsed in acetone and etched
in HF. In-situ, they were outgassed for several
hours at «650°C, annealed at «1200°C for about
one minute, quenched to «900°C and cooled
down to room temperature over half of an hour.
Fig. la) shows a typical Si(100)-2xl surface
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obtained through these procedures. The
cleanness of such a surface was checked by
AES and: carbon was found the biggest
contaminant, with concentration less than
0.003ML. All STM images were taken in the
constant current, mode with scan size, sample
bias voltage and tunneling current given in the
captions, •

First, a systematic study of submonolayer
bismuth: films" with coverages 0Bi<O.2ML is
performed, since we have not found si"1 '
investigations in the literature. Bismuth
'evaporated" on the: 'well prepared Si(lOO)-

.. substrate, kept at room temperature,
deposition was controlled by thequartz bala •
thickness monitor. Fig. 1 displays-the image

.. fixri submOBol.aycr bismuth; • coverages'
eBi=0.06ML and c) .: ' 9Bi=0.15

, (lML=6.8xI0]4atoms/cm2 •• surface ato: '
density on the Si( 100) crystallographie plane i
is immediately seen that bright blobs appeal v%u
the background of Si(100)--2xl reconstruct' 0
dimer rows structure. Counting the numbei .>'
blobs yields half the number of atom-
corresponding to the nominal coverage, tliu
clearly indicating that each blob corresponds lo
a single bismuth dimer. Another impon.m
observation is that most of the dimers renvi.i
unordered. There are no large islands (m.iu*
than several dimers in size) of 2x1 or 1 _
ordered bismuth phases [19], which form wh> r
0Bi>O.2ML is deposited at room temperate u
[20-21]. After taking the STM images of •-
deposited bismuth films, they were annealed <n
«400°C for several minutes. The resultm-
surface morphologies are shown in fig. 2. On-
can judge, that bismuth dimers coalesce in-o
squarely shaped islands, thus nucleating ordei i 1
2x1 phase. This result is in agreement vu'Ii
other works [22-24], where thermally activated
ordering of larger Bi amounts into the 2x1
phase was also observed. One can also judge
that a substantial amount of vacancy defects are
formed in the course of annealing. A small
number of defects is already present on the
initial clean surface, fig. la), appearing as dark
holes, in the 2x1 reconstructed dimer rows
structure. At fig. 2 the number of defects is
several times greater, they are unordered arid

some of them gather into clusters. Vacancy
formation i§> attributed to the interaction
between the Bi and Si atoms, causing the latter
to leave their lattice sites with higher
probability. It is noteworthy, that a very similar
defects generation was observed in the case of
Sb on Si(100)-2xl [25],

i »»*

Fig. Z. The same submonolayer Bi films as in fig.
Ib-cj, 'but annealed at 400°C after deposition, a)
540x540A\ U^-1.5V,I=236pA. Om=0.06ML;

b)540x540A2, U=-1JV, I=147pA, 0m=0.15ML.
The next stage in our investigation was to

desorb bismuth from the surface, by heating the
sample to «600°C, and examine its subsequent
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Fig. 3.a-d) Si(lQO) surface.after deposition and thermal desorption of.0Bt= 0.09ML,.a).312x312A2, U=-
1.0V, I=644pA; b) 312x312A2, U=1.0V, I=682pA; c) 156x156A2, U=~0.8V, l=330pA; d) 156x156A2,

U=0.6V, I=1396pA; e)Si(100) surface after deposition and thermal desorption of QBI=0.69ML, 540X540A2,

U=1.0V, I=60pA;f) Comparative image of the ~Ni-contaminatedSi(l 00) sample; 390x390 A2, U=-2.0V,

condition. The overall topography of the silicon
surface after this treatment is shown in fig. 3a-
b), where the same area is imaged in occupied
and empty states correspondingly. We see the
reconstructed dimer rows structure with
numerous vacancies grouped into clusters, not
inherent to the starting surface. The bright
protrusions appearing in the empty states image
are not the real adsorbates, since they look like
slight depressions in the occupied states. Such
objects are known as C-type defects [26] and
they always appear on the Si(100)-2xl surface.
In order to investigate the vacancy clusters in
more detail, we took the images of another
smaller area, containing two large clusters. Its
images in the occupied and empty states are
given in fig. 3c-d) correspondingly. Because of
using low sample bias voltage, C-type defects
look like protrusions on both images, but the
empty states image is more sharp. The most
interesting feature is that vacancy clusters are
"filling up", when we switch from positive to
negative tunneling bias. We assume that some

atoms reside inside the vacancies, which are
chemically different from the Si surrounding.
They are characterized by a local density of
electronic states, different from the neighboring
surface areas, thus causing substantial change in
appearance when the tunneling voltage is
altered. After the bismuth evaporation, its
surface concentration dropped below the AES
detection limit, so we were unable to judge
whether residual bismuth atoms sit in the
clusters. Another possibility is that carbon,
which is always present in small amounts, fills
up the vacancies. Very probably, they are
actually stabilized by the atoms sitting inside.
However, at present we can only say that
vacancies are created due to the presence of
bismuth, but exact mechanism of their cluster
stabilization is still open for discussion. In
contrast to ultra-low initial Bi amounts, thicker
films (9Bi>0.2ML) interact with the Si(100)
surface in a qualitatively different way. As an
illustration, fig. 3e) shows an image of the
sample after 0.69ML of Bi was deposited

244



jF/g. 4. Subsequent stages of Si(100)-2xn—>Si(100)-c(4x4) phase transition. The images were taken at.20°C
in between heating cycles at 600+700°C. a) 400x400A2, U=I.5V, 1=4 ]pA; b) 270x270A2

lV=1.5Vf)=96p4;
c) 270x270A2, U=1.0V, l=SOpA

and desorbed. We see, that Instead of vacancy
clusters, the vacancy lines are formed on the
surface, giving rise to the iocai 2xn
reconstruction. It is interesting to compare it
with those on the Si(100) surface contaminated
by a small amount of Ni, fig. 3f). Such
contamination resulted from handling the
sample with stainless steel tweezers. While the
vacancy lines show certain similarity, an
important difference is that Ni contamination
can not be eliminated by thermal annealing and
the sample always displays the 2xn pattern. At
the same time, the 2xn structure which resulted
from Bi preadsorption is completely removed
after annealing at 1200°C, and the initial surface
identical to those at fig. la) is completely
restored. Finally, if the initial amount of
deposited Bi was >0.25+0.3ML, then further
annealing at 600-;-7500C, caused the phase
transition between the Si(100)-2xn and the
Si(100)-c(4x4). Three subsequent stages of this
transition, starting from nucleation of the c(4x4)
phase and till it covers the entire surface are
shown at fig. 4a-c), The total annealing time
required to complete the transition was no more
than half an hour. Comparing this with
annealing of initially clean Si(lQ0)-2xl surface
[10], one can judge, that preadsorbtion of Bi
reduces this time by one order of magnitude.
The surface at fig. 4c) was stable to annealing at
temperatures up to 750°C, and did not show
signs of reverse transition into the 2x1 or 2xn
states. However, if heated to 800°C, the surface
developed a large scale roughness and appeared
to be disordered. Annealing the sample at

1200 C restored the initial 2x1 structure, like
shown at fig. la). The STM appearance of the
c(4x4) structure was identical to those in other
works [10-12, 14-17]. There is still some
uncertainty about the impurities stabilizing the
c(4x4) structure, since some authors claim it to
appear when boron .[14], bismuth [16] or
carbon [17] are present on the surface. As long
as Bi and C were inevitably engaged in our
experiments, we employed AES to study the
chemical composition of the surface, when it
was completely covered by the c(4x4) phase,
fig. 4c). At this point no Bi could be detected by
AES, which is not surprising after the sample
was annealed well above the Bi desorption
temperature for »*30 minutes. This strongly
suggests that Bi was evaporated from the
surface completely and was not responsible for
the stabilization of the c(4x4) phase. Such fact,
however, does not at all diminishes the role of
Bi in catalyzing the 2xl->2xn-»c(4x4) phase
transitions. The concentration of carbon was
found to be 0.01ML, which is 3 times higher
than for initial Si(100)-2xl surface. It is
supplied from the residual atmosphere of the
UHV chambei and also during annealing cycles,
coming from the parts situated in the vicinity of
the sample holder. The measured concentration
is still far below the minimum 0:25ML of
carbon, needed to produce the c(4x4) phase
over the entire surface, as experimentally
verified by Butz'et al [17].-•' We therefore
conclude, that a clean Si(lOO)-c(4x4) structure
is generated in our experiments. This result is in
agreement with other studies [9, 10, 12, 15],

245



where inherence of the c(4x4) phase to the
•'Si(lOO) .^surface/ is also claimed with no
'connection to any impurities.
"v,: In 'summary, we studied the interaction of
submonolayer Bi films with the Si(100) surface.

. It was found that ultrasmall Bi amounts
(9Bi<0.2ML) adsorb in the unordered phase at

X20^C an<^ nucleate the ordered 2x1 phase at
400°C, simultaneously creating vacancy clusters
in the substrate. Deposition and desorption of
larger Bi amounts creates substrate vacancy
lines, thus transforming it into the 2xn
condition. Further annealing of such a surface
causes a rapid phase transition into the c(4x4)
state, which is one order of magnitude faster
than without Bi preadsorbtion. Thus formed
Si(100)-c(4x4) phase is stable at temperatures
below 800°C5 and doesn't transform back into
the 2x1 phase, unless the Si sample is annealed
at1200°C.
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