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Ordered Au/Pb nanoring arrays on Pb-induced Si(111)-1 X1 surface

Lin Tang," Ze-Lei Guan,' Dan Hao,? Xu-Cun Ma," Jin-Feng Jia,>® and Qi-Kun Xue'??
Unstitute of Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
2Department of Physics, Tsinghua University, Beijing 100084, People’s Republic of China

(Received 27 December 2008; accepted 22 January 2009; published online 11 February 2009)

Growth and morphology of Au on a homogenous Si(111)-1 X 1-Pb surface are investigated using
scanning tunneling microscopy. The deposited Au atoms grow on the Si(111)-1X 1-Pb surface in
two-dimensional mode and a long-range ordered 8 X 8 reconstruction with ringlike structure is
observed following room temperature deposition. Upon thermal annealing to 500 K, the 8 X8
structure transforms into a hexagonal-ring array with a 4 X 4 superstructure. The mechanism for the
formation of the two self-organized nanostructures is discussed in terms of interface diffusion,
alloying, and energy minimization. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3081017]

Metal nanostructures with a periodic aliégnment have
attracted a considerable amount of attention'™® due to their
potential technological applications in optoelectlronics,7
microelectronics,® and magnetic data storage.9’lO As a
common phenomenon in multimetallic systems, spontaneous
alloying of binary metals can lead to the formation of well-
ordered two-dimensional (2D) nanostructures on semicon-
ductor substrates. Extensive investigations of the atomic
scale structures of either Pb or Au overlayer on Si(111) have
been widely carried out.!""7 By depositing submonolayer
coverages of Pb on a Si(111) surface, several reconstructions
have beeg reported to form - \EX \E, B- \Ex \E, 1X1,and
a- \EX V3 with either hexagonal incommensurate (HIC) or
stripe incommensurate stlructLLre.”;14 In the case gf Au, in
addition to the common a-y3 X3 and B8-\3 X \3 phases,
5X2 and 6 X6 can also be formed degending on the Au
coverage and the substrate temperature.l 17 Relatively little
information is available on the formation of 2D ordered
structure of Au/Pb surface alloys on Si(111) although various
forms of Au/Pb alloys have been observed to form when Pb
is deposited onto a gold substrate.* ™" In this letter, we re-
port for the first time that depositing submonolayer of Au on
a homogenous Si(111)-1 X 1-Pb surface gives rise to various
superstructures upon thermal annealing. Two highly regular
nanoring arrays of Si(111)-8X8-Au/Pb and Si(111)-4
X 4-Au/Pb can be produced through metal alloying. The al-
loying process is strongly influenced by the presence of the
silicon substrate, leading to the formation of a 2D Au/Pb
alloy with unique structures and 2D ordering.

All experiments were performed in an ultrahigh vacuum
system equipped with a variable-temperature scanning tun-
neling microscope (Omicron VI-STM). The clean 7 X7 re-
constructed Si(111) (n-type with a resistivity of 2—3 () cm,
0.05°) was prepared following the standard high-temperature
flashing procedures.l About 1.0 ML Pb [1 ML=the surface
atomic density in the topmost layer of the unreconstructed Si
(111) surface] was deposited at a flux of 0.25 ML/min from
a pyrolytic boron nitride crucible onto the Si(111)-7 X7 sub-
strate at room temperature (RT). Thermal annealing of the
sample at 550 K for a few seconds and subsequent cooling
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down to RT resulted in an atomically flat Si(111)-1X 1-Pb
structure.'' Au was then evaporated onto the 1 X 1-Pb surface
from a Knudsen cell held at 1380 K with a calibrated depo-
sition rate of 0.07 ML/min. All the STM images were re-
corded at RT.

The Si(111)-1 X 1-Pb is selected as the substrate instead
of the y-Pb/Si(111) and B-Pb/Si(111) phases due to its
hornogeneity.n_13 Furthermore, the 1 X 1-Pb has a Pb surface
coverage of 1 ML and is thus more effective in shielding the
deposited Au atoms from the substrate silicon atoms because
all the dangling bonds on the Si surface are saturated by Pb
atoms.

Figure 1(a) displays a typical STM topographic image
after 0.05 ML of Au was deposited onto the Si(111)-1
X 1-Pb surface at RT. 2D islands are observed on the terraces
of the substrate and in Fig. 1(a) about 5% (*=1%) of the
substrate is covered by the 2D islands. The top surface of the
islands displays an ordered lattice structure consisting of a
regular array of nanorings, as shown in Fig. 1(b). The 2D
nanoring lattice constant is measured to be 3.1 nm along
each principle axis. This is eight times of the surface lattice
constant for the Si(111) surface (3.84 A). Therefore, this su-
perstructure has a (8 X 8) periodicity with the long diagonal

along the [112] direction, which does not belong to either
Au- or Pb-induced reconstructions on Si(111). According to
the corresponding height histogram, Fig. 1(c), the island
marked as B in Fig. 1(a) is 2.29 A high as measured from
the Si(111)-1X 1-Pb substrate (marked as A), which is
lower than the monolayer height for either Au (2.36 A) or Pb
(2.86 A). Therefore we propose that the 2D islands formed
upon deposition of Au onto the Si(111)-1X 1-Pb substrate
are of 2D Au/Pb alloy. Silicon atoms are unlikely to be in-
corporated into the surface alloy because too much energy
would be required to break the Si—Si back bonds. The silicon
substrate, however, does influence the structure of the Au/Pb
alloy as evidenced from the (8 X8) geometry, which is
clearly linked to the underlying substrate.

With about 5% of the surface covered by the 2D Au/Pb
alloy islands, the rest of the Si(111)-1X 1-Pb substrate re-
tains its initial surface structure. A high-resolution STM im-
age of the Si(111)-1X 1-Pb substrate shown in Fig. 1(d)
shows both the Pb atoms (brighter spots) in the topmost layer
and the underlying Si atoms (the less bright spots). The unit

© 2009 American Institute of Physics
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FIG. 1. (Color online) STM images recorded at a sample bias V,=—2 V and
a tunneling current /=0.02 nA for different coverages of Au grown on the
Si(111)-1 X 1-Pb substrate. (a) 0.05 ML Au deposited at RT. The
Si(111)-1 X 1-Pb substrate and the coexisting Au/Pb overlayer are marked
by “A” and “B,” respectively. (b) The zoomed-in STM image (V,=0.2 V,
1=0.02 nA) of the 8 X 8-Au/Pb island in the region marked B in (a). (c)
The histogram of height distribution showing the height difference of the
1 X 1-Pb substrate and the Au/Pb overlayer in (a). (d) STM image (V,=
-2 mV, I=0.1 nA) showing the well-ordered honeycomb structure of
the Si(111)-1X 1-Pb surface in region A. (¢) STM image (V,=+0.7 V,
1=0.02 nA) showing the structure of a transition phase from the 1 X1 to the
HIC-Pb phase after 0.25 ML Au deposition on the 1 X 1-Pb surface at RT. (f)
Image of the surface following 0.65 ML Au deposited at RT. (g) The height
profile along the line DD’ marked in (f).

cell consisting of one Pb atom and one Si atom, correspond-
ing to an overall 1 ML coverage, is outlined by a blue par-
allelogram. As more Au atoms are deposited onto the sur-
face, the 2D alloy islands increase in size. By the time the
coverage reaches 0.25 ML, a HIC phase, Fig. 1(e), appears in
the vicinity of the 8 X 8-Au/Pb islands. In comparison with
previous studies,'**!?? this new phase is identified as the
HIC-Pb/Si(111) phase corresponding to a Pb coverage of
1.2-1.33 ML. The appearance of the HIC-Pb/Si(111) phase
next to the 8 X 8-Au/Pb islands suggests that during the al-
loying process, some Pb atoms are released and pushed to
the boundaries of the alloy island. These Pb atoms are sub-
sequently incorporated into the Si(111)-1X1-Pb structure
leading to the formation of the higher Pb coverage HIC-Pb/
Si(111) phase.

When an equivalent of 0.65 ML of Au is deposited onto
the surface, the 8 X 8-Au/Pb islands cover most of the sub-
strate and the remaining exposed Pb/Si(111) substrate is
completely transformed into the HIC-Pb phase, Fig. 1(f).
Moreover, some isolated flat-top small islands (one marked
as C) occur on top of the first Au/Pb adlayer. Using line
profiles such as the one shown in Fig. 1(g), the height of
these islands measures 2.37 A, which is nearly equal to a
gold monatomic layer height (2.36 A). The growth of these

Appl. Phys. Lett. 94, 063112 (2009)

FIG. 2. (Color online) STM images of the 8 X 8-Au/Pb structure obtained
with (a) V,=0.35 V and (b) V,=—0.35 V. The two images (25X 25 nm?)
are acquired from the same region. The parallelograms indicate the
8 X 8 unit cell.

islands scales with the amount of gold deposited onto the 2D
surface, and thus the bright islands sitting on top of the alloy
phase are assumed to be gold islands. Due to the Ehrlich—
Schwoebel barrier, Au atoms prefer to nucleate at the step
edges, and as a result most of the gold islands are found to be
attached to step edges.

In order to obtain more detailed structural information
about the Au/Pb surface alloy, high resolution imaging was
performed and the resulting images from the Si(111)-8
X 8-Au/Pb region are shown in Figs. 2(a) and 2(b). These
images were obtained at RT with the sample bias voltages of
0.35 and —0.35 V, respectively. It can be clearly seen that the
apparent surface structure depends on the bias polarity. In the
empty-state image, Fig. 2(a), the Si(111)-8 X 8-Au/Pb super-
structure appears periodic with a complicated unit cell con-
sisting of a hexagonal ring, a Y-shaped structure, and a bright
dot. In a more detailed view, the dot is actually a triangular
protrusion. However, the filled-state image, Fig. 2(b), looks
less uniform in height with some hexagonal rings appearing
more elevated than others, and the Y-shaped structures not as
obvious as those in Fig. 2(a). The triangular protrusions in
Fig. 2(a) appear as depressions in Fig. 2(b). On the other
hand, the surface morphology on a larger scale is very flat at
both polarities. The root mean square of the height deviation
is only 0.1 A. Although a structural model for the supercell
of the 8 X 8-Au/Pb alloy is unknown at this stage, the inho-
mogeneous features in the high resolution images and the
long-ranged ordering of the 8 X 8 phase clearly indicate that
it is a surface alloy with a Pb—Au ratio of ~1.

The 8X8-Au/Pb alloy phase can also be obtained
by deposition of Au onto Si(111)-1X1-Pb below RT
(~150 K). The growth of the Au/Pb overlayer follows a
perfect 2D mode. At a coverage of 1 ML, the substrate ter-
races can be totally covered by the 8§ X 8-Au/Pb layer. As-
suming that there is no Pb desorption from the surface at this
temperature, the experiment further suggests that the Pb/Au
ratio in 8 X 8 is nearly one. However, in comparison with the
structure prepared at RT, the Au/Pb layer prepared at 150 K
possesses more domains, and even after annealing to RT the
Au/Pb structure is still less uniform due to kinetically limited
interface diffusion (not shown). Therefore, the degree of or-
der is dominantly determined by interface diffusion and al-
loying. When Au is deposited at RT, an enhanced thermal
diffusion can promote the intermixing between the Pb and
Au atoms and thus a more uniform layer is formed.

To further study the thermal response of the 8
X 8-Au/Pb, the sample with a RT 8 X 8-Au/Pb alloy layer
was annealed up to 550 K in situ. Several new structures
with different lattice constants and morphologies emerged
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FIG. 3. (Color online) STM images of the well-ordered 4 X 4 superstructure.
(a) Tmage size is 45X 45 nm? and tunneling parameters are —0.6 V and
0.02 nA. (b) Zoomed-in (11X 11 nm?) image showing the ring feature of
the surface obtained using —0.3 V and 0.02 nA.

during annealing. This result strongly suggests the occur-
rence of further alloying during the annealing process. It is
interesting to note that a perfect nanodot array can be seen
with a long-range order on the surface in Fig. 3(a) after the
8 X 8-Au/Pb sample with an initial Au coverage of 0.65 ML
was annealed from RT to 500 K. High-resolution filled-state
STM image, Fig. 3(b), reveals that each nanodot in Fig. 3(a)
is actually a hexagonal ring. The distance between the cen-
ters of the neighboring rings is about 1.6 nm corresponding
to approximately four times of the Si(111) lattice constant.
Therefore the supercell indicated by the solid-line parallelo-
grams in Figs. 3(a) and 3(b) has the same (4 X 4) periodicity

with the long diagonals along the [112] direction. No signifi-
cant change is observed at different sample voltages, so the
surface is metallic and the two images shown in Fig. 3 are
occupied-state images.

The annealing process is likely to have induced the
breaking of the Pb—Si bonds leading to the segregation of Pb
atoms to the surface to form the observed nanorings. This
conjecture is based on energy minimization because the sur-
face free energy of Pb(0.5 J/m?) is much lower than those
of Au(1.6 J/m?) and Si(1.2 J/m?).” In addition, the Au-Si
bond is much stronger (3.65 eV/bond) than the Pb-Si bond
(2.65 eV/bond).** Thus under appropriate conditions, sub-
stitution of Pb atoms by Au atoms occurs and the surface
alloy reorganizes into a well ordered array of nanorings.
Considering the exchange process and increased Pb desorp-
tion at higher annealing temperature, the 4 X4 phase might
correspond to a surface alloy Au,Pb, which is a thermody-
namically stable bulk phase.25 The perfection of the
4 X 4-(Au/Pb) surface suggests that it is a potentially useful
template for the fabrication of nanoscale devices.

In summary, we have fabricated self-assembled ordered
arrays of 8 X 8-Au/Pb and 4 X 4-Au/Pb superstructures uti-
lizing interface diffusion, surface energy minimization, and
surface alloying of Au and Pb. Their unique structures make
these two nanoring arrays promising for various applications.

Appl. Phys. Lett. 94, 063112 (2009)

For example, the reconstructed surface can serve as a tem-
plate for the controlled positioning of other atomic or mo-
lecular superstructures. Thus the present investigation will
pave the way for the fabrication of more complex nanoscale
structures for novel devices.

The work was supported by the National Natural Science
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nology of China. The authors thank Quanmin Guo for critical
reading of the manuscript.
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