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Residual thermal desorption study of the room-temperature-formed SbÕSi„111… interface
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This paper addresses issues of the subtle kinetic changes on the superstructural phase formation in the
technologically important Sb/Si system. The thermal stability of the room-temperature~RT! deposited Sb on a
(737) reconstructed Si~111! surface by Auger electron spectroscopy~AES!, low-energy electron diffraction
~LEED!, and electron energy-loss spectroscopy~EELS! is reported. At a very low Sb flux rate of 0.03 ML/min
Sb uptake shows that it grows in the Frank–van der Merwe mode yielding a (131) LEED pattern for
coverages of 1.0 ML and above. On annealing, AES shows that initially Sb adatoms agglomerate into large
islands on top of a stable monolayer, before the Sb islands desorb in the temperature range of 350° C–480° C
, to leave a sharp (131) stable Sb monolayer. Monolayer desorption from about 650° C results in several
surface phases such asd(231), (535), (A33A3-R30°) and (5A335A3-R30°). The (535) at 0.4 ML and
the (5A335A3-R30°) at 0.2 ML are novel phases observed only during this desorption route. However, the
0.5–0.7-ML (5A335A3-R30°) phase, observed while desorbing from a 1.0-ML (A33A3-R30°) initial
phase, is not observed here. The EELS studies show the differences in the surface-related electronic features of
the various superstructural phases. The results demonstrate the differences in the superstructural phase forma-
tion due to differences in the formation pathways adopted.

DOI: 10.1103/PhysRevB.66.245404 PACS number~s!: 68.35.2p, 61.14.Hg, 79.20.Uv
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I. INTRODUCTION

Studies of the kinetic control of submonolayer metal a
sorption on Si~111! and~100! surfaces have resulted in inte
esting results regarding growth modes, superstructural p
formation, and interfacial interactions.1–5 Though the condi-
tions of growth cause formidable issues of repeatability, th
also provide a potential to form several stable interfac
phases with novel electronic properties. Motivated by
need to form sharp dopant profiles,6 studies of the adsorption
of group-III and -V metals on single-crystal silicon surfac
have been intensely pursued.1 In this paper we report the
results of the study of the thermal stability of a room
temperature~RT! -formed Sb/Si~111! system. The Sb/Si in-
terface is one of the most intensely probed systems, du
the technological importance both in the formation
d-doped systems7,8 and in surfactant~Sb!-mediated Ge/Si
heteroepitaxy.9,10 Our recent study,11 and those of others,12–14

has shown that the adsorption of Sb at various substrate
peratures of the (737) reconstructed Si~111! surface results
in several surface phases such as (A33A3-R30°) at 1.0 ML
@written as (A33A3) below#, three-domaind(231) at 0.85
ML @d(231) below#, (5A335A3-R30°) at 0.5–0.7-ML
@(5A335A3) below#, (A33A3-R30°) at 0.33-ML, and (7
37) at 0.1-ML Sb coverages. Among these, the atom
structures of the 1.0-ML (A33A3) ~as Sb trimers! and (2
31) ~Sb zigzag chains! have been establishe
conclusively.13,15 The structure of 0.6-ML (5A335A3) is
understood as a (535) dimer-adatom-stacking fault~DAS!
structure with different compositions of the adatom and re
atom layers within the different unit-cell halves.15–17 Recent
studies of Saraninet al.18 have shown that the (5A3
35A3) does not have a definite composition since the
atoms partially substitute for the boundary dimers in the
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sic (535) structure, and thus can exist in the Sb covera
range of 0.41–0.77 ML. The (A33A3) at 0.33 ML has been
observed by Elswijket al.,13 in small domains coexisting
with (737) and disordered (737) phases. In our previou
paper,11 we not only confirmed the above superstructures
also revised the prevailing phase diagram. During the stu
we realized the need for a systematic and careful study
highlight the effects of subtle changes in the kinetics on
superstructure formation of this technologically importa
system.

Earlier Sb adsorption-desorption studies19 have shown
that the first-monolayer Sb adsorbs as Sb4 and dissociates
quickly on Si surfaces. Sb4 desorption comes from the mu
tilayers, while the Sb monolayer chemisorbed on the Si~111!
surface desorbs as Sb. In this report we adsorb Sb of sev
coverages at RT at very low flux rates and anneal the sys
to different temperatures and observe the residual system
in situ Auger electron spectroscopy~AES!, low energy elec-
tron diffraction ~LEED!, and electron energy-loss spectro
copy ~EELS!, we observe that epitaxial Sb layers, upon a
nealing, agglomerate into large islands on top of a sta
(131) monolayer. At higher temperatures the islands d
orb, leaving a stable monolayer. Further annealing causes
monolayer desorption, during which we observe a variety
stable superstructures of submonolayer coverages.

II. EXPERIMENT

The experiments are performedin situ in an ultra high
vacuum~UHV! system~Varian VT-112! with a base pressure
of 3310211 torr with four-grid LEED optics for probing the
structures and a cylindrical mirror analyzer for AES a
EELS measurements. The Si surface is chemically clea
by a modified Shiraki process20 before inserting it into UHV.
In vacuum, the sample is flashed at 1200° C for several s
©2002 The American Physical Society04-1



(
p
te
a

W
g
u

s
p-

t
o

re

ak

th
-

la
e
t
on
in
no
nd
t-

-
his
s,

t

f
ep-

-

m

is
the
ra-
e

ree
itial
-
-
r-
of
l-

er
to

f
us,
of
s
ion
no-
ion

we

t

ree
t the
ture
r de-
and

PALIWAL, VEDESHWAR, AND SHIVAPRASAD PHYSICAL REVIEW B66, 245404 ~2002!
onds and cooled gradually to RT to obtain a very clean
37) surface, as ascertained by AES and LEED. Sb is eva
rated from a homemade Ta Knudsen cell at desired flux ra
The substrate, held by Ta clamps, is resistively heated
the temperature is measured with an error of620° C by a
calibrated W-Re thermocouple and an optical pyrometer.
report here studies of the growth of submonolayer covera
of Sb. One monolayer is defined as the density of a b
truncated Si~111! surface which is 7.8531014 atoms/cm2.
Thorough degassing ensures that the base pressure rise
maximum of 8310210 torr even during extended Sb adsor
tion. Annealing was done either by radiative heating by
proximal Ta filament, or by resistively heating the sample
the desired temperature, holding it there for 2 min, and co
ing it to RT before making EELS, AES, and LEED measu
ments.

III. RESULTS AND DISCUSSION

On the clean (737) reconstructed Si~111! surface held at
RT, Sb is adsorbed at a rate of 0.03 ML/min. The Sb upt
is shown in Fig. 1, where the Sb~MNN! and Si~LVV ! Auger
signals are plotted as a function of deposition time. Since
Sb~MNN! Auger electrons originating from the first mono
layer are attenuated due to the presence of the second-
adatoms21 and those of Si~LVV ! due to the Sb overlayer, th
curve in Sb~MNN! and Si~LVV ! show a break in slope a
about 33 min of deposition time thus giving us a calibrati
for our Sb flux rate as 0.03 ML/min. We identify the break
this uptake curve by a method suggested by Stampa
et al.22 We have confirmed that the break point correspo
to 1.0 ML by comparing the Auger ratio of this and by a

FIG. 1. Auger uptake curve showing Frank–van der Mer
growth mode, with breaks in slope for Sb~MNN! and Si~LVV ! peak
intensities at a deposition time of about 33 min corresponding
1.0-ML Sb coverage.
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taining the (A33A3) symmetry at 1.0 ML obtained by ad
sorbing Sb onto a Si substrate held at around 650° C. T
result indicates that for RT adsorption at very low flux rate
the overlayer evolves in the Frank–van der Merwe~FM!
growth mode for several layers~we have shown only the firs
two layers in Fig. 1!. The (737) LEED of clean Si~111!
changes to (131) for coverages of 1.0 ML and above@see
Fig. 3~a! below#. Similar layer-by-layer~FM! growth has
been reported by Metzger and Allen23 for the Sb/Si~111! sys-
tem. However, Cubereset al.24 observe an island type o
growth, even for coverages as low as 0.25 ML. This discr
ancy could be due to differences in the Sb flux rates~0.5
ML/min used by Cubereset al.! and other experimental con
ditions.

The thermal stability of this layer-by-layer grown syste
is seen in Fig. 2 which plots the Auger ratio of Sb~MNN! at
454 eV and Si~LVV ! at 92 eV, as the RT adsorbed system
annealed to increasing temperatures. It is evident from
figure that the Auger ratio hardly changes up to a tempe
ture of 180° C. At around 350° C, it sharply falls to a valu
corresponding to a coverage of about 1.0 ML in all the th
coverage cases studied, viz., 2.0, 4.0, and 7.5 ML. The in
(131) LEED pattern@Fig. 3~a!# which had a strong back
ground assumes a sharp (131) pattern at the stable mono
layer @Fig. 3~b!#, after the multilayer desorption. To unde
stand this behavior we refer to the pioneering work
Metzger and Allen,23 where mass spectrometric therma
desorption studies were performed. From this and oth19

studies, it is clear that the multilayer Sb, corresponding
only Sb-Sb bonds, desorbs as Sb4 in the temperature range o
350° C–480° C, with a desorption energy of 1.49 eV. Th
the fall in the Auger ratio in the temperature range
180° C–350° C ~before the multilayer desorption take
place! can be predominantly attributed to the agglomerat
of Sb adatoms into large islands on top of a stable Sb mo
layer. From the previous conventional thermal-desorpt
spectroscopy~TDS! study of Metzger and Allen23 and those
of Andrieu and Arnaud d’Avitaya,19 it can be safely inferred

o

FIG. 2. Sb/Si Auger ratio as a function of temperature for th
coverages, viz., 2.0, 4.0, and 7.5 ML. The dashed straight line a
0.32 ratio corresponds to 1.0-ML Sb coverage. The tempera
ranges, shown by double-sided arrows, mentioned as multilaye
sorption, and monolayer desorption are taken from Metzger
Allen ~Ref. 23!.
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that there is hardly any appreciable desorption or bulk dif
sion of Sb at temperatures below 350° C. To get only a qu
tative picture, assuming that this thermally activated agglo
eration into large islands follows an Arrhenius type
behavior, we calculate the Sb diffusion energy for agglo
eration to be less than 0.2 eV for all three coverages stud
The smallness of the energies involved suggests that
growth parameters can strongly influence the growth mo
in this system.

In the temperature range 480° C–650° C, the (131)
LEED at 1.0 ML @shown in Fig. 3~b!# changes to ad(2
32) plus (131) pattern identified earlier as three-doma
d(231),13 as the coverage reduces to about 0.9 ML.
temperatures greater than 650° C, the Auger ratio further
duces, finally resulting in only a substrate signal and a
37) LEED at 880° C. In this 650° C–880° C temperatu
range, the Sb monolayer that was strongly bound to the s
strate desorbs with a desorption energy of 2.46 eV.23 As the
monolayer Sb adatoms desorb from preferential sites, lo
range order persists and several LEED patterns are see
shown in Fig. 3. Thed(231) pattern@Fig. 3~c!# results in a
(535) LEED @Fig. 3~d!# when the Auger ratio correspond
to a coverage of 0.4 ML. This LEED pattern changes to
(A33A3) phase@Fig. 3~e!# at 0.33-ML Sb coverage, while i

FIG. 3. LEED pattern for several surface phases observed
ing the thermal stability study. LEED pattern obtained for seve
Sb/Si~111! interfacial phases: During Sb adsorption~a! (131) for
2.1 ML ~at 53 eV!, and during residual thermal desorption~b! (1
31) for 1.1 ML ~at 53 eV!, ~c! d(231) for 0.85 ML~at 83 eV!, ~d!
(535) for 0.4 ML ~at 53 eV!, ~e! (A33A3-R30°) for 0.33 ML~at
53 eV!, and~f! (5A335A3-R30°) for 0.2 ML ~at 63 eV!.
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forms (5A335A3) at a coverage of 0.2 ML@Fig. 3~f!#. As
the Auger ratio corresponds to 0.1 ML, a (737) Sb/Si phase
is seen, to ultimately result in a sharp (737) clean Si~111!
surface. It is interesting to note that the (A33A3) phase at
1.0 ML and the (5A335A3) at around 0.6 ML reported by
us11 and others12–14 are not seen in these thermal stabili
studies, which we attribute to the differences in the adop
pathways. On the other hand, the novel (535) at 0.4-ML
and the (5A335A3) at 0.2-ML phases are seen only in the
desorption studies, while they were not evident in adsorpt
studies done while the substrate was held at correspon
temperatures.

Figure 4 shows the various phases observed by P
et al.12 and Andrieu,14 obtained from desorption startin
from an initial (A33A3) 1.0-ML phase@Fig. 4~a!#, and the
present results of the phases starting from a RT formed
31) phase@Fig. 4~b!#. These previous studies starting from
(A33A3) 1.0-ML phase in the course of desorption ha
observed three-domaind(231) followed by (5A335A3) at
0.5-0.7 ML and the gradual restoration of (737). We have
also performed desorption studies starting from the (A3
3A3) 1.0-ML phase, and have essentially reproduced
same results shown in Fig. 4~a!. It is clear from this figure
that since in the present case we have started our desor
studies@Fig. 4~b!# from a RT adsorbed (131) phase~at 1.0
ML and higher coverages!, we observe different superstruc
tural phases, clearly demonstrating the differences due to
pathways adopted. It may be recalled here that, we h
reported2 differences in the atomic arrangements of Ag,
the same substrate temperatures, due to different forma
pathways adopted.

The several surface phases evolved during the ther
treatment are quite stable at the respective temperatures
electronic properties of these phases are studied by mon
ing the electron energy losses to single and collective e
tron excitations. The EELS spectra shown in Fig. 5, which
the first such study on the Sb/Si system to the best of
knowledge, are taken in the second derivative mode
250-eV primary beam energy, of each of the phases

r-
l

FIG. 4. Phase diagram of the desorption route:~a! Starting from
the (A33A3-R30°) phase at 1.0 ML and~b! starting from a (1
31) phase at 1.0 ML for Sb/Si~111! system. The hashed portions i
~b! show regions of crossover.
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served. The clean Si~111!-(737) EELS in Fig. 5~a! shows
sharp peaks at 17.5, 14.5, 11.0, 8.0, and 4.7 eV in con
rence with earlier studies.25 The 17.5-eV peak is attributed t
the electron energy losses to the bulk plasmon while
11.0-eV peak corresponds to the loss to surface plasm
The peaks at 14.5 eV and 8.0 eV are related to the sur
states that manifest the (737) reconstruction, while the
4.7-eV peak is associated with interband transitions at 3.5
and 5.0 eV. The surface-related states are thus expected
very sensitive to various surface phases.26 In this perspective,
we look at the 2.1-ML Sb covered (131) phase, Fig. 5~g!,
which shows a bulk-plasmon peak at the energy value
16.7 eV and a 5s shallow core level at 6.3 eV.27 In the
temperature range from RT to 350° C as the Sb adat
agglomerate on a stable Sb monolayer, where the (131)
LEED sharpens, the EELS features show an enhanceme
the surface plasmon while the peak at about 6.3 eV broad
At higher temperatures when 0.85 ML of Sb results in
d(231) phase, Fig. 5~e!, the EELS is essentially like that o
the (131) phase. For lower coverage phases this 6.3
peak sharply decreases in relative intensity and shows
small peaks in this region for (535), (A33A3), and
(5A335A3) phases. Meanwhile the surface-plasmon p
at 11.0 eV begins to decrease again. For the 0.33-ML (A3
3A3) phase, Fig. 5~c!, and the 0.2-ML (5A335A3) phase,
Fig. 5~b!, all the peaks except the bulk plasmon at 17.3
shrink, indicating a large scattering in theseA3 symmetry
surface phases. Also, it is interesting to note that in these
phases the 14.5-eV and 8.0-eV peaks, which are relate
the surface states of the (737) structure, are prominent her
However, on annealing to 880° C the clean Si~111! surface,
Fig. 5~a!, is recovered revealing the strong 17.5-eV a
11.0-eV bulk- and surface-plasmon peaks. The observa

FIG. 5. EELS spectra of different surface phases, observed
ing desorption, in thed2N/dE2 mode is shown for primary beam
energy of 250 eV.
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that the bulk EELS feature does not show any signific
change during the thermal annealing while the surfa
related features are sensitive suggests the influential rol
the rearrangement of surface adatoms, as manifeste
LEED. We can observe that the nonrotated integral rec
structions such as the (131), d(231), and (535), show
strong surface-plasmon features, while the 30° rotatedA3
symmetry phases, such as the (A33A3) at 0.33 ML and the
(5A335A3) at 0.2 ML, show attenuation of the surfac
plasmon and related peaks. Probably the symmetric arra
ment of Sb adatoms on the (131) Si substrate in the (1
31), d(231), and (535), phases appears to assist the f
mation of surface electron collective excitations. The 0.4-M
(535) and 0.2-ML (5A335A3) phases are novel phase
observed during this desorption study and their deta
structures are yet to be determined. Elswijket al.13 have seen
only small domains of the (A33A3) phase at 0.33 ML co-
existing with (737) and disordered (737) phases. By
scanning-tunneling microscopy they determine a simple
adatom-based structure where the Sb adatom saturate
three dangling bonds by occupying theT4 sites. However,
we report here a long-range (A33A3) LEED ~coherence
length .100 Å), where we see the disruption of surfac
plasmon and related features even in this 0.33-ML phase
also a strong 14.5-eV peak related to the surface stat
(737). Since the (A33A3) 0.33-ML phase appears be
tween the 0.4 ML (535) and the 0.2-ML (5A335A3)
phases, showing features of the DAS structure and disru
surface-plasmon peak, we suggest that the atomic arra
ment in this phase obtained by the desorption route could
different from the previous model for the 0.33-ML (A3
3A3) phase. However, a more direct method of determin
the atomic arrangement is essential to conclusively und
stand the reconstructions and their energetics.

IV. CONCLUSIONS

In summary we have studied the thermal stability of t
Sb/Si~111! interface formed at RT which demonstrates t
influence of growth kinetics on the geometric arrangem
and consequently on the electronic properties. We obse
that annealing the RT deposited (131) phase causes the S
adatoms to agglomerate into large islands, with a small a
vation energy. Above 350° C, the islands desorb leavin
stable (131) Sb monolayer. At higher temperatures, t
monolayer desorbs via several long-range symmetric ph
as seen by LEED. The desorption route starting from
(131) 1.0-ML phase shows the formation ofd(231), (5
35), (A33A3), and (5A335A3) phases, while starting
from a (A33A3) 1.0-ML phase it adopts a different rout
The EELS studies of all these stable superstructures sug
the difference in electronic structure. The desorption
quence and similarity in EELS features in the 0.33-M
(A33A3) and the 0.2-ML (5A335A3) phases suggest a
energetically proximal arrangement for these phases.
fact that several phases, such as the 1.0-ML (A33A3) and
0.5–0.7-ML (5A335A3), obtained by adsorption at respe
tive temperatures are not traced in this desorption study s

r-
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gests several energy minimization pathways, depending
the kinetics of growth and the dynamics of desorption. T
work is expected to stimulate further detailed local-ord
atomic arrangement studies and theoretical calculation
understand the actual relationship between the geometric
electronic structures, determined by the kinetics.
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