VOLUME 83, NUMBER 5 PHYSICAL REVIEW LETTERS 2 AIGUsT 1999

Kinetic Growth Instabilitieson Vicinal Si(001) Surfaces
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We report new types of kinetic growth instabilities during silicon homoepitaxy on vicinal Si(001)
surfaces with miscut angles2°. They occur under frequently employed growth conditions in an
extensively studied material system. The characteristic features are (i) kinetic step bunching at
low growth temperatures, (i) a macroscopic zigzag morphology1d) segments at intermediate
temperatures, and (i) a smooth, noncorrelated morphology at high growth temperatures and after
annealing. A qualitative model is discussed that relates the morphological features with the kinetics of
step incorporation and diffusion in connection with a symmetry-breaking miscut.

PACS numbers: 68.35.Bs, 61.16.Ch, 81.15.Hi

The technical relevance of Si(001) surfaces and interand radiatively heated. Temperature reading and control
faces for the performance of semiconductor devices, andad been calibrated [13] t&x 15 °C. Prior to growth, the
the scientific interest in their intriguing surface proper-oxide was desorbeith situ at 1000°C for 6 min. Initially,
ties have led to many static [1-3] and dynamic [4,5] sur-a Si buffer layer was deposited at 78D, but was later
face studies. The latter became possible through epitaxiamitted, because it had no effect on the low-temperature
growth technigues with atomic layer precision, which weremorphology. The epilayers were deposited under typical
also a prerequisite for the commercial introduction of SiGeSi MBE conditions at substrate temperatures between 350
heterodevices [6]. New developments aim toward an exand 750°C, and growth rates between 0.2 and 0.8A
ploitation of self-organized growth phenomena for the fab- The surfaces were characterized immediately after
rication of low-dimensional quantum devices [7]. growth in air with a Park Scientific atomic force mi-

The spontaneous formation of surface corrugations dureroscope (AFM) in contact mode, employing sharpened
ing heteroepitaxial growth is commonly associated withSisN, or Si cantilevers. Control experiments were
mechanical stress induced by a lattice mismatch [8,9]. Ironducted to rule out any artifacts due to factory wafer
contrast, here we report highly periodic surface morpholofinish, chemical pretreatment, or thermal oxide desorp-
gies of homoepitaxial films on vicinal Si(001) surfacestion: After each of these steps the surfaces were found
which result from purely kinetic mechanisms. They dis-featureless with root-mean square (rms) roughnesses of a
appear upon annealing, whereas stress-driven phenomefeav monoatomic layer§l ML = 1.35 A). The surfaces
[8] are equilibrium effects [9]. With lateral periods of are stable in air for several hours before signs of local oxi-
0.1-0.5um, and amplitudes of up to 20 A, the surface dation become noticeable by AFM. The AFM data were
corrugations should strongly affect the transport of carrierstatistically evaluated via line scans, two-dimensional fast
confined to such a surface or interface [10]. The observe&ourier transforms (FFT), and autocorrelation analyses.
pattern formation has as yet escaped detection, mainly be- Figure 1 shows a series 6f X 5 um?> AFM micro-
cause it occurs at epilayer thicknesses of several hundragtaphs from 2000 A thick Si epilayers grown at 450, 490,
atomic layers, which have rarely been investigated by scarand 550°C at 0.8 A/s on substrates with 1.1éniscut in a
ning probe techniques in this material system [11,12].  [100] direction. In this narrow temperature range the mor-

The samples were grown by molecular beam epitaxyhology undergoes a dramatic metamorphosis: At°450
(MBE) in a two-chamber Riber SIVA 45 machine [13] the surface shows a regular terrace structure perpendicu-
at a residual gas pressure in th&” ' Torr range. Sub- lar to the miscut direction with an average spacing of
strates were 15—28 cm p-type Si(001) with an epigrade 0.15 um and a height of a few ML. The period is about
surface finish and defined miscuts of 1°J6d 1.98 in  a factor of 20 larger than the terrace width of evenly dis-
a [100] direction, and of 1.58in an approximate [110] tributed ML steps at this miscut angle. The slightly un-
direction. Miscut angles were determined to an accudulating pattern is characteristic of the low-temperature
racy of =0.05° by diffraction and specular surface re- growth regime and was followed down to 38D. The
flection of the x-ray beam in a triple axis diffractometer. FFT (inset) and autocorrelation analyses confirm the high
To ensure identical miscuts, the wafers were diced intalegree of order and the miscut-induced twofold symme-
18 X 18 mn? samples, and only samples from the sametry. At 490°C the terrace structure is still present, but it
wafer were employed for each experimental series. Thé now decorated with triangular features. These line up
samples were precleaned in an HF-free RCA process twith a high degree of perfection along the miscut direc-
avoid artifacts due to HF-induced hydrocarbon contamdion, forming periodic ridges perpendicular to the terraces.
inations. The samples were mounted in all-Si adapter$he periods in and perpendicular to the miscut direction

0031-900799/83(5)/995(4)$15.00 © 1999 The American Physical Society 995



VOLUME 83, NUMBER 5

PHYSICAL REVIEW LETTERS

2 Aucust 1999

AW TR -

— i —

FIG.1. 5 X 5 um> AFM images of 2000 A thick homoepitaxial layers deposited on Si(001) surfaces with a miscut of 1.16° in
[100] direction (arrows). Films were deposited at 0.8 A/s and substrate temperatures of 450, 490, and 550°C. Insets depict the

two-dimensiona Fourier transforms.

are comparable, leading to the distorted fourfold symme-
try in the FFT (inset). The fainter features arise from the
sides of the triangles. At 550 °C the FFT still reveds a
high degree of order both in and perpendicular to the mis-
cut direction, but the triangles have merged into extended
ridges.

To study the influence of the miscut azimuth we per-
formed experiments on substrates with a 1.58° miscut
aong an in-plane axis 10° off [110]. Anexampleisshown
in Fig. 2(b) in comparison with a [100] miscut sample.
Both layers were deposited at 490°C and 0.2 A/s to a
thickness of 1000 A. In either case the terraces run per-
pendicular to the respective miscut direction, but the ledges
disintegrate into zigzag arrangements of (110) segments.
For the exact [100] miscut [Fig. 2(a)], symmetric right tri-
angles form, which become acute upon rotation of the mis-
cut direction; the acute angle is that between the miscut
azimuth and the nearest (110) direction.

Initially, the height of the morphological features in
Figs. 1 and 2 increases with film thickness. It takes 350 A
to clearly observe them by AFM, but no simple scaling
behavior applies, as the amplitude saturates at a film
thickness of about 1000 A. Figure 3 shows the saturated
peak-to-valley height and the average period width in
miscut direction vs growth temperature for growth rates of
0.2and 0.8 A/s. The most prominent feature is the abrupt
increase of the amplitude by more than afactor of 3, which
occursasthetriangles appear ontheterraces. For the[100]
miscut the period width in the miscut direction gradually
increases with growth temperature, but remains essentially
constant at about 0.12 um for the [110] miscut samples
[compare Figs. 2(a) and 2(b)]. Beyond 550 °C the feature
height decreases rapidly, and a latera periodicity can no
longer be extracted. Layers grown above 650 °C show a
featureless rms roughness of 2 to 4 A.

The maximum period lengths and rms feature heights
depend surprisingly little on the growth rate in the
range studied here. However, as expected of a kinetic
phenomenon, the temperature range in which the triangle
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morphology occurs shifts to lower temperatures as the
growth rate is reduced (Fig. 3). Also, a 0.2 A/s the
triangles become exceptionally regular [Fig. 2(a)].

There is a distinct dependence of the morphology
on the miscut angle: Control experiments on amost

FIG. 2. 2 X 2 um? AFM images of 1000 A thick Si epilayers
deposited at 490°C and 0.2 A/s. (a) 1.16° miscut in [100];
(b) 1.58° miscut in a direction 10° off [110]. Gray scale is
from 0to 20 A.
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FIG. 3. Average period length in miscut direction and average
peak-to-valley height of the morphological features versus
growth temperature. Samples with 1.16° and 1.95° miscut in
[100] and of 1.58° in the [110] direction are shown for growth
rates of 0.2 or 0.8 A/s. Curves are guides only.

singular (001) substrates (miscut <0.12°) showed smooth
surfaces in the temperature range at about 500 °C, where
the maximum amplitude occurs on miscut substrates.
The experiments on 1.95° miscut samples (Fig. 3) fit the
general behavior of the 1.16° miscut samples.

To assess thermal stability, a sample was grown at
490 °C and annealed in situ at 750 °C for 17 h, and another
at 400 °C, with a 68 h anneal at 550°C. In both cases
a featureless surface resulted, with an rms roughness of
about 2 A.  Obviously, both the low-temperature step-
bunching regime and the (110) segmentation at about
500°C are of pure kinetic origin. In addition, RHEED
(reflection high energy electron diffraction) experiments
showed that all layers were deposited under step-flow
growth conditions.

While strain-induced step bunching in the Si/SiGe sys-
tem is reasonably well understood [9,14], theoretical treat-
ments of kinetic growth instabilities are as yet restricted
to simple model surfaces with isotropic diffusion and ML
steps. These act as perfect sinks for adatoms, but an
Ehrlich-Schwoebel energy barrier (ESB) [15] makes the
crossing of adatoms from the upper to the lower terrace
athermally activated process. A small ESB alows step-
flow feeding from the upper terrace, which causes kinetic
step bunching along the miscut direction [15]. Stable step
flow always requires afinite ESB, which, in turn, is associ-
ated with the lateral Bales-Zangwill growth instability that
leads to ridge formation perpendicular to the ledges [16].

The symmetry-breaking (2 X 1) dimer reconstruction
[2] of Si(001) complicates the growth kinetics. It causes

two types of monoatomic steps, namely, S, steps parallel
and Sp steps perpendicular to the (110) oriented dimer
rows of the respective upper terrace [2]. The ESBs are
believed to be small for both steps, but at low tempera-
tures only Sp steps resemble perfect sinks for adatoms
[17]. Also, the activation energy for diffusion aong the
dimer rows is lower than that for perpendicular motion
[18]. For miscutsin a(110) direction these asymmetries
cause the formation of Dp double steps under low-
temperature growth conditions [19], as the faster Sp
steps catch up with their down-step S, neighbors. In
thermal equilibrium, and for miscuts <2.5°, the single
height steps prevail due to the stress fields associated
with the reconstruction [3]. For a [100] miscut both
dimer directions are under 45° to the miscut, which
causes mixed-type ML steps with equally long S, and Sg
segments [20].

The temperature dependence of the surface morphology
during growth reflects the interplay between diffusion,
step incorporation, and the respective ESBs, which are
al thermally activated processes. Unfortunately, the
respective activation energies and sticking coefficients
are not well known, and also the film thicknesses and
the unusually large period widths are presently beyond
the capabilities of Monte Carlo simulations. Nonetheless,
our experimental results allow a qualitative assignment of
the dominating mechanisms in the respective temperature
ranges.

(i) Under low-temperature step-flow conditions the
small ESBs of S4 and Sp steps cause kinetic step bunch-
ing [21] independently of the relative orientation between
the miscut azimuth and the dimer row orientation. This
mechanism is rather ineffective, since the observed period
lengths involve typically 20 equilibrium terraces, whereas
the modulation heights are just 4-5 ML. This indicates
the formation of Dy steps under the prevailing nonequi-
librium growth conditions [3,19], which have been asso-
ciated with a stahilizing ESB [22].

(i) In an intermediate temperature regime the proba-
bility of adatom incorporation into S4 and Sp steps has
to become comparable. Since adatoms bond preferen-
tialy to kink sites, step incorporation is strongly cor-
related with the respective activation energies for kink
formation [18]. As these differ by about 100 meV [17],
the average kink separation on an S, step is an order
of magnitude larger at 300 °C, but approaches that of an
Sp step to within a factor of 2—3 at 600°C. A similar
trend has been estimated for the anisotropy of the diffu-
sion constant parallel and perpendicular to the dimer rows
[17,23]. Consequently, a temperature range should exist
[24], where S4 and Sp steps coexist with the stabilizing
Dp steps. This would alow the observed formation of
macroscopic features with the microscopic symmetry of
the (2 X 1) reconstructed Si(001) surface, as is sketched
in Fig. 4 for a miscut in [100] direction. Here an at-
tempt is made to maximize the length of the Dy steps that
define and stabilize the shorter sides of the macroscopic
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FIG. 4. Proposed microscopic structure of the triangle mor-
phology maximizing the length of D steps. Cuboids represent
the dimer rows. Note the zigzag arrangements of S, (solid)
and Sp (dotted) steps along the tips and at the intersection of
the triangular prisms, which are topologically required.

triangles. While a vicina surface with [110] miscut can
be constructed entirely from Dp steps, the symmetry of
the diamond lattice demands in the case of a [100] mis-
cut additional S4 and Sy segments along the tips and the
concave intersections of the triangles. Such a configura-
tion can only be stable in a step-coexistence regime: At
lower temperatures, when the Sp steps move much faster,
the train of Sp segments in the concave portions prevents
the development of macroscopic triangles.

(iii) At high temperatures the D steps become unstable
[3], and the macrosteps disintegrate into the short zigzag
chains of mixed S,/Sp character observed in previous
experiments [20]. This equilibrium state is also reached
after sufficiently long thermal annealing.

Our results show that the complex kinetics of diffu-
sion and adatom incorporation, and the interplay between
the microscopic surface symmetry and the miscut azimuth
can result in a metastable, mesoscopic morphology with
a high degree of order both paralel and perpendicular
to the miscut direction. Although the temperature range
for triangle formation is remarkably narrow, it is close
to the range where Si buffers are frequently deposited
by MBE. Since nominal (001) Si substrates have typical
miscut specifications of =0.5°, it appears likely that such
kinetic growth phenomena have accidentally affected sub-
sequent heterostructure growth in the past. Preliminary
experiments with 100 A thick Sig3Gey» layers grown on
top of a corrugated Si buffer asin Fig. 2(a) revealed per-
fect replication of the Si morphology. Theimplicationsfor
the transport of low-dimensional carriers bound to such an
interface will be discussed elsewhere.

On the other hand, the observed ordering phenomena
suggest new routes toward the fabrication of self-organized
nanostructures. By careful adjustment of miscut angle and
orientation, a highly periodic template can be prepared
just by homoepitaxy. Self-assembled quantum dots in a
subsequent heterolayer could then add the typical nanosize
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features associated with strain-driven phenomena, while
maintaining the long range order of the template.
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