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Formation of thallium islands on the Si(111)-7 X 7 surface
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We have studied the formation of thallium (TI) islands on the Si(111)-7 X7 surface by utilizing synchrotron
x-ray scattering. The Si substrate is found to maintain its 7 X 7 periodicity until metastable Tl islands of three
different morphologies grow to their maximum size at room temperature. Analysis of several Bragg reflections
from these TI islands reveals that the three different types of Tl islands having different thermal stability can
be characterized by their unique basal planes—(001), (100), and (101). Upon increasing the T1 dose the most
abundant islands with a basal plane of (001) grow their lateral size up to a limiting value of 38 nm while their
lattice parameter approaches a bulk value of 0.2996 nm. We interpret our data primarily in terms of strain-

limited growth of the Stranski-Krastanov type.
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Understanding the growth mechanism of self-assembled
thin films or islands on crystalline substrates has been a sub-
ject of extensive research efforts.! All the processes involved,
such as deposition of adsorbates, surface diffusion, nucle-
ation, and aggregation of small islands, have to be investi-
gated on the atomic level in order to control the shape, size,
and ordering of nanoscale islands.>® Growth of epitaxial
nonreactive metallic islands, where surface and interface en-
ergies compete to form an equilibrium structure, can be de-
scribed by a scaling law showing that the size and the num-
ber density of islands depend on powers of adsorbate
coverage or deposition time.! One often finds, however, that
the scaling laws may be violated when particular physical
origins such as anisotropic strains,* surface defects,” elec-
tronic effects,® and quantum size effects’” dominate. In par-
ticular, the strain plays a crucial role in self-assembled quan-
tum dots by stimulating the detachment of edge atoms to
cause a narrow size distribution.3-10

Nonreactive systems such as Ag, Pb, In, Tl, and Al on
semiconductors®7-!'-2 have been of interest as prototypical
examples in understanding the atomistic processes in het-
eroepitaxial growth. For the T1/Si(111) system, in particular,
Vitali et al.'® reported that the growth of Tl on a Si(111)-7
X7 surface at room temperature (RT) followed the Stranski-
Krastanov mode with a two-monolayer (ML) thick wetting
layer. [For Si(111), IML=7.8 X 10'* atoms/cm?] Additional
Tl adatoms beyond the wetting layer are reported to form
large three-dimensional islands which do not easily coalesce
upon further dosing. The number density of dropletlike Tl
islands is small, and the islands are largely separated.'*!”
Similarly, large TI islands are reported to form on a TI-
induced Si(111)-1 X 1 surface.?’

In this study, we have investigated the growth of Tl is-
lands on the Si(111)-7 X7 at RT as a function of Tl dose as
well as annealing temperature. We find that the Tl islands
formed are significantly different from those nucleated on the
wetted T1/Si(111)-1 X1 surface. We also observe that the
strain energy associated with substrate reconstruction plays a
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crucial role in the nucleation and morphology of islands
grown.

Figure 1(a) schematically depicts the three different types
of TI islands observed on the Si(111)-7 X7 surface at RT.
These islands are identified by their characteristic basal
planes (001), (100), and (101), respectively. We have mea-
sured several reflections from these islands with H and K
indices for in-plane reflections and the index L for out-of-
plane reflections. The subscripts 1, 2, and 3 conveniently
denote the islands of basal planes, (001), (100), and (101)
planes, respectively. Figure 1(b) shows the positions of in-
plane Bragg reflections obtained from these islands and Si
substrate by using grazing-incidence synchrotron x-ray dif-
fraction.

We have adopted a custom-designed ultrahigh-vacuum
(UHV) x-ray scattering chamber, which was mounted on a
four-circle diffraction goniometer (2+2 mode) at the 5C2
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FIG. 1. (a) Schematics of the three different types of Tl islands
characterized by basal planes of (001), (100), and (101) on a hex-
agonal lattice. Upper (lower) unit cells represent the islands aligned
(rotated) with respect to the symmetry direction [110]. Details are
described in text. (b) In-plane reflections observed at L=0. The (1
0), (8/7 0), and (9/7 0) reflections are from the Si substrate and
reflections denoted as H; and H, are from TI islands.
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FIG. 2. Evolution of the integrated intensities of the Si(1 0) and
(8/7 0) reflections with increasing Tl dose. The vertical dotted line
separates data points without (left) and with (right) annealing.

K-JIST beamline of the Pohang Light Source in Korea.?! The
technical details of the x-ray scattering chamber and the go-
niometer used have been described elsewhere.?> The syn-
chrotron beam size with a wavelength of 1.23 A and the
detector slits provided a resolution function with the full
width at half maximum (FWHM) less than 0.001 A~'. The
base pressure of the chamber was maintained below 3
X 107'° Torr during the entire measurements. The Si sample
was cleaned by repeated degassing at 600 °C with frequent
flashing up to 1200 °C followed by annealing at 850 °C.
The sample cooled slowly down to RT after such a cleaning
process produced a well-defined 7 X 7 surface. We have con-
firmed the cleanliness of the sample by routinely measuring a
series of seventh-order reflections from the clean 7 X7 sur-
face. The reciprocal lattice unit vectors (in the unit of AN

are defined as bylI[112], b,lI[110], and b,lI[111]. The mo-
mentum transfer q is then defined by q=Hb;+Kb,+Lbs.
After cleaning the sample by the process mentioned
above, Tl atoms were deposited on the clean 7 X 7 surface at
RT. Intensities of an integral-order reflection Si(1 0) and a
fractional-order reflection Si(8/7 0) from the substrate sili-
con surface have been monitored during deposition as shown
in Fig. 2. One notes that the intensities of both reflections
increase rather quickly with increasing Tl dose at the early
stage and then reach maxima near 2 ML indicating the
completion of two-dimensional wetting layers as noted in a
previous study.!® The decrease of intensities for both reflec-
tions upon further dose (dose rate of about 0.4 ML/min) is
apparent due to the formation of Tl islands as described be-
low. We find that the Tl islands begin to form at about 1.0
ML where the wetting layers are not yet completed (not
shown). This is seen by the fact that the characteristic Tl
reflections begin to appear at 1.0 ML even though their in-
tensities are extremely weak. An interesting observation is
that the Si(8/7 0) reflection disappears completely while the
Si(1 0) becomes stronger upon annealing at 300 °C for sev-
eral minutes, which is ascribed to the transformation of the
substrate surface from the 7 X 7 phase to the 1 X 1 phase.?!
In Fig. 3, we have presented our in-plane H scans along
the Si(1 0) direction and out-of-plane L scans along the sur-
face normal beyond the Bragg reflection (111) of the silicon
substrate as a function of Tl dose and of annealing tempera-
ture. The reflections H; or H, are found to appear near 1.0
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ML, and then grow in intensity with increasing Tl dose al-
most linearly up to 6.0 ML [see solid line in Fig. 5(a)]. As
schematically shown in Fig. 1 for the sitting of the islands
with respect to the silicon substrate, the (001)-based islands
are formed mostly in parallel to the symmetry direction

([110]) of the hexagonal surface, while the (100)-based is-
lands are slightly rotated by 2.03° with respect to the sym-
metry direction as seen from the transverse scans of H, in
Fig. 3 (bottom right). As mentioned earlier, the presence of
such islands is distinctly different from Tl islands formed on
the 1X 1 surface where islands with a basal plane (001) are
rotated by ~8.5° with respect to the symmetry direction.?”

In order to characterize the morphology of the three dif-
ferent types of Tl islands with respect to the substrate more
accurately, we have carefully performed an ex situ measure-
ment with the sample deposited more than 30 ML at RT. Our
¢ scans of Tl Bragg reflections are shown in Fig. 4. For the
(101)-based islands, the T1(002) Bragg reflection inclined by
61.5° from the surface normal is found at azimuthal angles
rotated by 14° off from the symmetry direction. The TI(101)
Bragg reflection for the (001)-based islands is observed at
both 0° and 3.1° with respect to the symmetry direction.
Comparison of intensities of these reflections suggests that
the rotated islands appearing at 3.1° are populated much less
than 3% of the aligned ones at 0°. The presence of the 2°
rotation of the (100)-based islands has been confirmed by
observing the T1(101) Bragg reflection inclined by 28.5° off
from the specular direction (not shown). These observations
led us to identify the Tl islands formed on the Si(111)-7
X7 surface at RT by the three different basal planes (001),
(100), and (101) as mentioned earlier.

The thermal stability of the Tl islands has been studied by
annealing the sample at several elevated temperatures. Upon
annealing at 200 °C for several minutes, the (001)-based is-
lands apparently grow while the (100)-based islands quickly
shrink as indicated by the enhanced intensity of H; in sharp
contrast to the nearly disappeared H, (or L,) in Fig. 3. When
annealed at 250 °C, however, the (101)-based islands grow
at the expense of the (001)-based islands as seen by the sig-
nificantly reduced H; (or L;) compared to the much en-
hanced L;. All the islands disappear completely upon anneal-
ing at 300 °C. It seems quite surprising to find that the
(101)-based islands of least symmetry are thermally more
stable than the other islands of higher symmetry. Although a
microscopic picture explaining such unusual thermal behav-
ior is absent at present, this may be reasonably understood
when one considers the strain energy associated with the
lattice mismatch and their symmetry.'®

We now try to explain the presence of such rotated TI
islands by considering a purely geometrical row-matching
condition for a minimum misfit as done similarly for the
“8 X 8” Pb on the Si(111)-7 X 7 at RT.'?> Assuming that all T1
atoms sit in the corrugation potential ditches with a nearest-
neighbor distance in the first Tl layer ay=3.36 A
(=3.84 A x %) as done earlier,'> one may calculate the angles
rotated under the condition that at least one side of each unit
cell of the islands is matched on the symmetry row of the
hexagonal lattice, as indicated by dotted circles in Fig. 1(a).
The increase of the Si(8/7 0) reflection with T dose, in fact,
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supports such an assumption. We obtain an angle of 1.8° for
the (100)-based islands with a rectangular unit cell (3.46
X 5.52 A2), which matches well with our experimental value
of 2.03°. Similarly we obtain 14.0° and 2.8° for the (101)-
and (001)-based islands, respectively. These angles also
match quite well with those observed angles 14.00° and
3.10°, respectively (see Fig. 4) for the rectangular unit cell
(3.46 X 12.56 A?) of the (101)-based and the hexagonal unit
cell (3.46 A) of the (001)-based islands. We thus understand
the presence of three different types of TI island, despite the
dominant population (=90%) of the (001) type, as the con-
figuration to achieve a minimum energy state with reduced
misfits between islands.

By considering the energy cost in the row-matching
model, one may also account for the unusual thermal behav-
ior of the TI islands in Fig. 3. We first calculate the rotation
angles required for each type of Tl island for the annealed
surface where the substrate returns back to the 1 X 1 with a

lattice constant ay=3.84 A. We obtain the angles 9.0°, 6.6°,
and 14.7° for the (001)-,2° the (100)-, and the (101)-based
islands, respectively. One easily notices that the (101)-based
islands remain almost unchanged (not rotated) by the anneal-
ing while other types of islands are required to rotate by
relatively large degrees of about 6.3° for the (001)-based and
4.8° for the (100)-based islands. The high energy cost de-
manded to rigidly rotate the (100)- or (001)-based islands
may cause those islands to disappear eventually upon anneal-
ing while the (101)-based islands survive by experiencing no
or very little energy cost.

The most abundant (001)-based islands are found to grow
with Tl dose as shown in Fig. 5, where the evolution with
increasing Tl dose is presented for the integrated intensity (a)
and the average dimensions of the islands (b). The average
lateral size (empty squares) and the height (not shown) have
been derived from full width at half maximum (FWHM) of
H, and L, respectively. Similar data are also shown in Fig. 6
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FIG. 4. Ex situ measurement of ¢ scans of two Tl Bragg reflec-
tions illustrating the orientation of the Tl islands. The T1(002) Bragg
reflection observed from the (101)-based islands indicates that the
islands are rotated by 14° with respect to the symmetry direction.
The TI(101) Bragg reflection from the (001)-based islands is also
observed at 0° and 3.1°.

for the lattice parameter obtained from the peak position of
Hl.

One immediately notices that the islands grow in size rap-
idly with increasing Tl dose up to about 4 ML, where the
islands remain almost unchanged in their size upon further
dose. The fact that the integrated intensity in Fig. 5(a) con-
tinues to increase with Tl dose while the average size re-
mains fixed above 4.0 ML [Fig. 5(b)] suggests that the num-
ber density of the islands increases with Tl dose while the
average size of the islands is limited to a certain value as
noticed elsewhere.®!> As shown in Fig. 5(b), the limited di-
mensions of the islands are ~38 nm and ~44 nm for the
lateral size and the height, respectively.??

In order to understand such features, we have fitted our
measured intensity of H, with a theoretical formula I(g) as-
suming a Gaussian distribution for the number density of
islands n; = e~ Here s;, {(s), and w are the size of the
ith island, average island size, and width of the size distribu-
tion, respectively. The intensity is incoherently summed over
all the islands by assuming a large separation between is-
lands. The function I(g) we used is?*
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FIG. 6. Evolution of the position of H; and the lattice parameter
with Tl dose. The horizontal dotted line indicates a bulk lattice
parameter of 2.996 A. The vertical dotted line separates data as in
Fig. 2.

1(g) ~ P(q - go.w(s))e™ "0 = a0 amnla=ao7],

where ¢ is the peak position. P(g) is a polynomial function
of g, w, and (s). This fit function is found to describe our
data reasonably well as shown by the solid curve in Fig. 5(b)
for (s). Our fit results for the (001)-based islands reveal a
quite narrow distribution for the island size, i.e., w/(s)
< 0.1 above 4 ML. Moreover, the average island size turns
out to be nearly unaffected by the size distribution itself.>
We are thus led to believe that the variation of FWHM in
Fig. 5(b) reflects faithfully the change in the average size of
the islands.

It is noted that the lattice parameter also approaches the
bulk value as presented in Fig. 6.2° The average separation
between neighboring islands is estimated to be about less
than wm in good agreement with previous results.'®?” We
also notice that the thermally metastable islands at RT be-
come almost completely relaxed by annealing at 200 °C.
This is seen by the increased intensity with the unchanged
island size (Fig. 5) as well as the lattice parameter close to
that of the bulk value (Fig. 6). The dramatic changes in size
accompanying the significant loss in peak intensity upon an-
nealing at 250 °C in Fig. 5, however, reveal a different ther-
mal response of the islands compared to that at 200 °C. At
250 °C, the islands apparently migrate more actively and
agglomerate into larger ones resulting in the reduction of
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their number density. Such a feature can be caused partly by
the substrate reconstruction back to the 1X1 surface and
partly by the desorbed TI adatoms from the surface. The data
point produced by annealing at 250 °C in Fig. 6 indicating
the lattice parameter slightly greater than that of the bulk
value may be due to the extra defects or disorders thermally
activated.

At the earlier stage of TI dose below 2 ML, the strain due
to lattice mismatch e[=(a-a,)/a,] is estimated to be
~—0.5%, which is found to be easily relieved upon anneal-
ing at 200 °C. It has been reported that significant surface
stress can reduce the lattice parameter of a small cluster as
the cluster size decreases.”® We observe a similar decrease in
the lattice parameter for the (001)-based TI islands when the
island size decreases [see Fig. 5(b) and Fig. 6]. This is, how-
ever, in contrast with the lattice parameter of In islands
which is independent of the island size.'* All such examples
suggest a driving force that may restrict island size formed
on crystalline substrates. We believe that elastic strain caused
by lattice mismatch between adlayer and substrate may be
one of such driving forces.®'” Similar strain-induced stabi-

PHYSICAL REVIEW B 72, 035338 (2005)

lization has been reported also for the strained two-
dimensional islands formed at submonolayer heteroepitaxy.'?

In summary, we have investigated the formation of Tl
islands on the Si(111)-7 X 7 surface at RT. We observe three
distinct types of islands grown epitaxially on the wetted Tl
layers in the Stranski-Krastanov mode. Interestingly, the
least symmetric (101)-based islands are found to be the most
stable thermodynamically surviving from the annealing at
250 °C. The most abundant (001)-based islands below
200 °C barely remain at 250 °C and the (100)-based islands
disappear completely. The size of the (001)-based islands at
RT grows rapidly with increasing Tl dose initially but even-
tually reaches a limiting value of 38 nm. We ascribe such an
unusual thermal stability and the presence of a limited size of
Tl islands to the strain energy cost due to the lattice mis-
match between TI adlayers and the substrate.
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