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Self-ordering of Ge islands on step-bunched Si „111… surfaces
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By using step-bunched Si~111! surfaces as templates, we demonstrate the self-assembly of an
ordered distribution of Ge islandswithout lithographic patterning. Initially, islands nucleate and
evolve at step edges, up to complete ripening, forming long ribbons. Subsequently, island nucleation
takes place at the center of flat terraces. Ge islands appear to be regularly spaced in scanning
tunneling microscope images. The exploitation of this effect provides a possible route to grow
ordered arrays of semiconducting nanostructures. ©2003 American Institute of Physics.
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The goal of reducing device dimensions down to t
nanometer scale naturally raises the problem of how to c
trol surface patterning with a spatial resolution that is n
accessible with today’s technology. Several studies h
shown that long-range-ordered reconstructions can be
as templates for the growth of nanostructures.1–4 Surface
nanopatterning has been obtained in various ways, by ta
advantage of self-organization orartificially, by forming pat-
terns via e-beam lithography or focused ion beam.
Si~111! surfaces, dc heating may create bunches of nat
surface steps,5 yielding a simple way to obtain a nanopa
terned substrate. Several authors have studied
phenomenon,6–8 demonstrating that the step configuration
a vicinal surface depends on the direction of the curr
flowing through the steps, as well as on the miscut angle
on temperature.6,9 With respect to the temperatur
dependence,10 for T.1220 °C, step bunching occurs in th
step-down direction, while a regular step distribution occ
in the step-up direction. In this letter, we focus on the infl
ence of surface morphology on the Stranski-Krastan
growth of Ge on both regular~R! and step-bunched~SB!
Si~111! surfaces kept at 450 °C. Here, we analyze the evo
tion and distribution of the 3-dimensional islands that fo
after the completion of the wetting layer~WL!. By varying
surface preparation, we find an evident self-ordering on
surfaces. The ordering process is studied by varying s
strate patterning, coverage and terrace width.

Si~111! substrates (n-type,r51023 V cm, miscut angle
,0.5°! were flashed for 30–60 s at about 1250 °C by pass
a direct current of a few amperes, keeping the pressure be
531028 Pa. The R and SB surfaces were obtained wit
current flow oriented in the step-up and step-down dir
tions, respectively. Ge was deposited at a substrate temp
ture ofTS5450620 °C by physical vapor deposition using
growth rate of about 0.3 monolayers~ML !/min. The samples
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were cooled down to room temperature and their surf
morphology was observedin situ by variable temperature
scanning tunneling microscope~STM!11 at a base pressure o
431029 Pa. In Fig. 1~a!, we report an STM image of a R
surface. It consists of a staircase of equally spaced, f
reconstructed 737 bilayer steps of;65 nm width and 0.31
nm height. From the image profile@Fig. 1~b!#, we measure an
average miscut angleu,0.3°. By contrast, if we heat in the
step-down direction, a SB surface is obtained, as show
Fig. 1~c!, along with a profile taken across the steps@Fig.
1~d!#. In this regime, the terraces have an average width
1350 nm and are separated by bunches about 8.5 nm h
which corresponds toN527 atomic steps. From the mea
sured staircase widthLb5450 nm, we obtain a typical inter

FIG. 1. Different morphologies of Si~111! surfaces after flashing a
T51250 °C by dc heating.~a! STM topography (170031700310 nm3) of
a R surface obtained by current flowing in the step-up direction.~b! Height
profile taken along the white line in~a!. ~c! STM topography (7000
37000336 nm3) of a SB surface obtained with current flowing in th
step-down direction.~d! Height profile taken along the white line.
2 © 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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step spacing inside the bunchl b5Lb /N516.4 nm, in good
agreement with previous results.10

An estimate ofl b is obtained using the Burton–Cabrera
Franck-like model by Stoyanov and Tonchev in regime II12

l b50.63N22/3~18aA/F !1/3, ~1!

yielding a value of 10.6 nm.13 The reasonable agreement
this model with our experimental result confirms the valid
of the scaling relation between the average step spacinl b

and the numberN of steps in a bunch given by Eq.~1!.
Having developed this realistic method to control t

morphology of the Si~111! substrate by tuning current inten
sity and/or current direction, we now tackle the issue of
controlled positioning of Ge islands. As previous
reported14 on Si~111! mesas, atomic steps act as nucleat
sites for Ge islands. Thus, in our case as well, we exp
preferential nucleation on step bunches. After depositing
ML of Ge coverage on a R substrate, islands appear ra
domly distributed15–17 @Fig. 2~a!#. By contrast, on SB sub
strates, islands first nucleate and evolve along step ed
and subsequently on flat terraces, as shown in Fig. 2~b!. Is-
lands grown on step bunches undergo complete ripen
They are elongated and they coalesce, forming a continu
ribbon.18 When the evolution on the step edges is comple
nucleation takes place at the center of terraces@Fig. 2~b!#. As
evidenced by the color-equalized image@Fig. 2~c!# and by
the zoom@Fig. 2~d!#, the supercritically thick WL appears t
roughen as a consequence of the metastable strained
before the two-dimensional to three-dimensional transitio19

In the central part of the terrace, the WL is made of regio
of overgrown areas typically one bilayer high@Fig. 2~d!#,
whereas along the decorated edges, the WL shows a dep
region caused by the material that migrated towards
steps. This morphology is consistent with the idea that,
to intermixing,20 the compressed Ge is more mobile,21 even
without actually melting.22

By increasing Ge coverage, step bunches appear f
decorated, the islands’ size on terraces increases@Fig. 2~e!#,
and their density appears to be constant. Moreover, some
narrow terraces are found free of islands@Fig. 2~f!#.

Lateral ordering of islands can be quantified by a sta
tical analysis of island–island and island–step-bunch
tances. At a coverage of 8 ML@Fig. 3~a!# the average island–
island distance is 360610 nm. The two distributions o
island–step-bunch distances~from upper and lower bunches!
are reported in Figs. 3~b! and 3~c!. They were fitted using
two Gaussian peaks located at 470620 nm for the island–
upper-bunch~b! and at 520620 nm for the island–lower-
bunch distribution~c!, respectively. Each peak gives th
minimal distance from the step at which island nucleat
takes place. As a consequence, by summing distances~b! and
~c!, we can estimate the maximum width (wdepl'1 mm) for
an island-free terrace, caused by the adatom attraction
wards step borders. Moreover, in each distance distributio
smaller peak occurs at 750620 nm and 860620 nm for dis-
tances~b! and ~c!, respectively, corresponding to a seco
row of islands that nucleated on the terrace. The sma
intensity of this peak is caused by the lower number of t
races wide enough to host a double row of islands.23,24
Downloaded 10 Dec 2004 to 207.162.24.76. Redistribution subject to AIP
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On a SB surface covered by 19 ML of Ge and varyi
terrace widths@Fig. 2~e!#, we have measured both th
island–island distance and the radial distribution funct
around each island~on each terrace!. Values of 370610 nm
for the island–island distance and of 340610 nm between
nearest-neighbor and next-nearest-neighbor islands
found, showing that the island–island distance is nearly c
stant. This result implies that the density of ordered island
constant, as previously reported for Ge deposition on p
terned Si~001! mesas.25 Thus, we expect that few rows o
islands should form depending on the terrace width. This
strikingly apparent in Fig. 2~e!: a single row forms on a
2.1-mm-wide terrace, while a double row forms on a wid
terrace~2.8 mm!. Below 1.2mm, islands do not nucleate o
the terrace, as shown in Fig. 2~f!. Controlling the positioning

FIG. 2. Formation of the WL and distribution of 3D Ge islands on differe
Si substrates.~a! STM topography (300033000329 nm3) on a R surface
after 17 ML Ge deposition atT5450 °C. ~b! STM topography (2950
33000373 nm3) on a SB surface after 8 ML Ge deposition atT5450 °C.
~c! Color equalized image (285032850373 nm3) to enhance the rough-
ness of the WL in~b!. ~d! Zoom (920344038 nm3) on the WL of~c! and
profile taken along the white line.~e! STM topography (10000310000
330 nm3) on a SB surface after 19 ML Ge deposition atT5450 °C. ~f!
STM topography (2660310000312 nm3) of an island-free terrace on the
same sample of~e!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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of islands has been previously demonstrated by chem
vapor deposition growth on lithographically pattern
substrates.26 The present results show that the same is p
sible on Si~111! by using the natural patterning due to st
bunching.

In summary, we have demonstrated controlled positi
ing of Ge islands on Si~111! without lithographic patterning.
By using in situ STM, we have analyzed the island distrib
tion on SB and R surfaces. We find a nearly ordered dis
bution of equally spaced rows of islands on the wide terra
of SB substrates.

This work was partially supported by INFM and by th
European Community~EC! through FORUM-FIB contract
~IST-2000-29573!. One of the authors~F.R.! is partially sup-
ported by NATEQ~Province of Quebec! and NSERC. An-
other ~P.D.S.! acknowledges support from the EC. We a

FIG. 3. Lateral ordering of Ge islands on the SB surface visible on
topographic STM image and quantified by the statistical distributions.
analysis is performed on a sample covered by 8 ML of Ge deposite
450 °C. ~a! Island–island distance.~b! Island–upper-bunch distance.~c!
Island–lower-bunch distance. The histograms were fitted using Gaus
distributions.
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