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Self-ordering of Ge islands on step-bunched Si  (111) surfaces
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By using step-bunched @ill) surfaces as templates, we demonstrate the self-assembly of an
ordered distribution of Ge islandsithout 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.20®3 American Institute of Physics.
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The goal of reducing device dimensions down to thewere cooled down to room temperature and their surface
nanometer scale naturally raises the problem of how to commorphology was observenh situ by variable temperature
trol surface patterning with a spatial resolution that is notscanning tunneling microscog8TM)*! at a base pressure of
accessible with today’s technology. Several studies havéx10 ° Pa. In Fig. 1a), we report an STM image of a R
shown that long-range-ordered reconstructions can be useirface. It consists of a staircase of equally spaced, fully
as templates for the growth of nanostructureésSurface  reconstructed X7 bilayer steps of~65 nm width and 0.31
nanopatterning has been obtained in various ways, by takingm height. From the image profil€ig. 1(b)], we measure an
advantage of self-organization artificially, by forming pat- average miscut anglé<0.3°. By contrast, if we heat in the
terns via e-beam lithography or focused ion beam. Orstep-down direction, a SB surface is obtained, as shown in
Si(111) surfaces, dc heating may create bunches of naturdfig. 1(c), along with a profile taken across the stépg.
surface steps,yielding a simple way to obtain a nanopat- 1(d)]. In this regime, the terraces have an average width of
terned substrate. Several authors have studied this350 nm and are separated by bunches about 8.5 nm high,
phenomenofi; 8 demonstrating that the step configuration atwhich corresponds tdN=27 atomic steps. From the mea-
a vicinal surface depends on the direction of the currensured staircase width,=450 nm, we obtain a typical inter-
flowing through the steps, as well as on the miscut angle and

on temperatur€® With respect to the temperature v
step-down direction, while a regular step distribution OCCUI’S\
N\

dependenc® for T>1220°C, step bunching occurs in the

in the step-up direction. In this letter, we focus on the influ- | \
ence of surface morphology on the Stranski-Krastanovis
growth of Ge on both regulafR) and step-bunchedSB) \
Si(112) surfaces kept at 450 °C. Here, we analyze the evolu-\\
tion and distribution of the 3-dimensional islands that form \\
after the completion of the wetting layéwL). By varying (b
surface preparation, we find an evident self-ordering on SB |
surfaces. The ordering process is studied by varying sub:
strate patterning, coverage and terrace width.

Si(111) substratesr{-type, p=10"2 Q cm, miscut angle
<0.5° were flashed for 30—60 s at about 1250 °C by passing2 1}
a direct current of a few amperes, keeping the pressure beloy
5x 10 ® Pa. The R and SB surfaces were obtained with a °0 A —
current flow oriented in the step-up and step-down direc- Distanca{nm) Distance(um)
tions, respectively. Ge was deposited at a substrate temperﬂb. 1. Different morphologies of &i11) surfaces after flashing at

ture of Ts=450=20 °C by physical vapor deposition using a t=1250 °c by dc heatinga) STM topography (1708 1700x 10 nn?) of

growth rate of about 0.3 monolayeifdL )/min. The samples a R surface obtained by current flowing in the step-up directionHeight
profile taken along the white line irfa). (c) STM topography (7000
X 7000< 36 nnt) of a SB surface obtained with current flowing in the
dElectronic mail: Sgarlata@romaz2.infn.it step-down direction(d) Height profile taken along the white line.

2t

ight(nm)
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step spacing inside the buntp=L,/N=16.4 nm, in good
agreement with previous resulfs.

An estimate of , is obtained using the Burton—Cabrera—
Franck-like model by Stoyanov and Tonchev in regimé&?ll|

l,=0.6N"2%(18aA/F)*3, )

yielding a value of 10.6 nn® The reasonable agreement of
this model with our experimental result confirms the validity
of the scaling relation between the average step spdging
and the numbeN of steps in a bunch given by El).
Having developed this realistic method to control the &
morphology of the S111) substrate by tuning current inten-
sity and/or current direction, we now tackle the issue of the| -
controlled positioning of Ge islands. As previously
reported* on Si111) mesas, atomic steps act as nucleation
sites for Ge islands. Thus, in our case as well, we expec
preferential nucleation on step bunches. After depositing 17 :
ML of Ge coverage o a R substrate, islands appear ran- : s | i e
domly distributed®=" [Fig. 2(@)]. By contrast, on SB sub- - Py : Cestancaloo
strates, islands first nucleate and evolve along step edge : ;
and subsequently on flat terraces, as shown in Rig. 2- :
lands grown on step bunches undergo complete ripening J
They are elongated and they coalesce, forming a continuou
ribbon® When the evolution on the step edges is complete,
nucleation takes place at the center of terrd€&ég. 2(b)]. As £
evidenced by the color-equalized imafféig. 2(c)] and by
the zoom[Fig. 2(d)], the supercritically thick WL appears to
roughen as a consequence of the metastable strained ste
before the two-dimensional to three-dimensional transitfon. |
In the central part of the terrace, the WL is made of regions
of overgrown areas typically one bilayer higkig. 2(d)],
whereas along the decorated edges, the WL shows a deplete
region caused by the material that migrated towards the
steps. This morphology is consistent with the idea that, due

to intermixing? the compressed Ge is more molfiteeven  FiG. 2. Formation of the WL and distribution of 3D Ge islands on different
without actually melting? Si substrates@) STM topography (3008 3000<29 nnt) on a R surface

Bv incr in ver nch rfull fter 17 ML Ge deposition aff =450 °C. (b) STM topography (2950
y increasing Ge coverage, step bunches appear fu 23000><73 nn?) on a SB surface after 8 ML Ge depositionTat 450 °C.

decoratgd, the_ islands’ size on terraces mcreEElgs 2(8)]’ (c) Color equalized image (28512850x 73 nn?) to enhance the rough-
and their density appears to be constant. Moreover, some flafess of the WL ir(b). (d) Zoom (920<440x8 nn?) on the WL of(c) and
narrow terraces are found free of islariésg. 2(f)]. profile taken along the white lingde) STM topography (10008 10000
Lateral ordering of islands can be quantified by a statis=<30 nn¥) on a SB surface after 19 ML Ge depositionTat-450 °C. (f)
tical analysis of island—island and island—step-bunch disés;xetgg%gglip%;zsaﬁ10000>< 12 nn?) of an island-free terrace on the
tances. At a coverage of 8 MFig. 3(a)] the average island—
island distance is 36910 nm. The two distributions of
island—step-bunch distancésom upper and lower bunches On a SB surface covered by 19 ML of Ge and varying
are reported in Figs.(B) and 3c). They were fitted using terrace widths[Fig. 2(e)], we have measured both the
two Gaussian peaks located at 4720 nm for the island— island—island distance and the radial distribution function
upper-bunch(b) and at 526:20 nm for the island—lower- around each islantbn each terrageValues of 37&:10 nm
bunch distribution(c), respectively. Each peak gives the for the island—island distance and of 3400 nm between
minimal distance from the step at which island nucleationnearest-neighbor and next-nearest-neighbor islands are
takes place. As a consequence, by summing distgbgend  found, showing that the island—island distance is nearly con-
(c), we can estimate the maximum widt{.,~1 wm) for  stant. This result implies that the density of ordered islands is
an island-free terrace, caused by the adatom attraction t@onstant, as previously reported for Ge deposition on pat-
wards step borders. Moreover, in each distance distribution, erned Sj001) mesas® Thus, we expect that few rows of
smaller peak occurs at 7520 nm and 86&20 nm for dis- islands should form depending on the terrace width. This is
tances(b) and (c), respectively, corresponding to a secondstrikingly apparent in Fig. @): a single row forms on a
row of islands that nucleated on the terrace. The smalle.1-um-wide terrace, while a double row forms on a wider
intensity of this peak is caused by the lower number of terterrace(2.8 um). Below 1.2 um, islands do not nucleate on

races wide enough to host a double row of islafids. the terrace, as shown in Fig(f2 Controlling the positioning
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