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Formation of Ge Nanoripples on Vicinal Si (1110): From Stranski-Krastanow Seeds
to a Perfectly Faceted Wetting Layer
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Ge growth on high-indexed Si (1110) is shown to result in the spontaneous formation of a perfectly
{105} faceted one-dimensional nanoripple structure. This evolution differs from the usual Stranski-
Krastanow growth mode because from initial ripple seeds a faceted Ge layer is formed that extends
down to the heterointerface. Ab initio calculations reveal that ripple formation is mainly driven by
lowering of surface energy rather than by elastic strain relief and the onset is governed by the edge energy
of the ripple facets. Wavelike ripple replication is identified as an effective kinetic pathway for the

transformation process.
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Faceting plays a crucial role for Stranski-Krastanow (SK)
growth of self-assembled quantum dots, where well sepa-
rated three-dimensional (3D) nanoislands form on top of a
flat 2D wetting layer [1-7]. The shape of these islands
sensitively depends on the interplay between volumetric
strain relaxation and surface energy costs [2,8,9]. This leads
to characteristic island shapes defined by few high-indexed,
but relatively low-energy side facets [3—9]. For the proto-
typical Ge/Si (001) system, therefore, a well-defined
transition from pyramids [10] to domes [3-6],
barns [5], or cupola islands [11] occurs as a function of
coverage and growth conditions. Evidently, the energy
balance is also affected by the substrate orientation.
Therefore, the shape of SK islands becomes increasingly
asymmetric when the substrate is tilted away from the high-
symmetry (001) direction [12—17]. In the limiting case of
the 8.05° miscut Si (1110) surface, as a result, 1D nano-
ripples instead of 3D islands [15-18] are formed. These
ripples exhibit interesting physical properties because the
edge contributions from the intersections between side
facets scale differently with volume compared to 3D is-
lands, where the edge energies are eventually overtaken by
volumetric and surface terms [8,19]. Thus, in 1D structures
edge contributions are expected to play an important role.
One-dimensional structures also exhibit interesting optical
and quantum transport behavior [20] and have a great
potential for practical device applications [21].

In this Letter, the growth behavior of Ge on Si (1110) is
studied both experimentally and theoretically combining
in situ scanning tunneling microscopy (STM), electron
diffraction, and total energy calculations. It is demon-
strated that the surface evolution completely differs from
the usual SK growth mode in that at the critical coverage,
instead of islands a perfectly {105} faceted wetting layer is
formed. Moreover, the resulting quasiperiodic ripple struc-
ture leaves no part of the original (1110) surface exposed
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and extends down to the Si/Ge interface. Thus, the 2D
wetting layer is consumed in the transformation process.
Modeling of this unique behavior by total energy calcula-
tions combining elastic continuum and density functional
theory, we show that the usually neglected edge energy is a
decisive parameter that determines the onset of the faceting
process. To elucidate the abrupt nature of the faceting
transition, a mechanism for cooperative ‘“wavelike” ripple
generation is devised that explains not only the consump-
tion of the wetting layer but also the remarkable uniformity
of the ripple structure.

The growth experiments were performed in a multi-
chamber molecular beam epitaxy system, allowing sequen-
tial deposition and imaging of the epitaxial surface without
exposure to ambient conditions [16]. After oxide desorp-
tion and 40 nm Si buffer growth, Ge was deposited on
Si (1110) substrates at 550 °C in 0.5 monolayer (ML)
increments up to a total thickness of 7 ML. Here, one MLL
(~ 1.4 A) is defined as number of atoms contained in one
atomic layer of Si (001) and the Ge growth rate was set to
1.1 A/ min. At the given growth temperature, little Si/Ge
intermixing occurs as shown in Refs. [22,23]. After each
growth step, the samples were quenched to room tempera-
ture and imaged in situ by STM with negative sample bias
of 2-4 V. For control experiments and in situ reflection
high energy electron diffraction (RHEED) studies, several
ML were deposited in one single step, giving essentially
the same results as for the stepwise grown samples.

After buffer growth, the clean Si (1110) surface displays
a regular structure, consisting of narrow ~1.9 nm wide
(001) terraces separated by straight double monolayer Dp
steps parallel to the [110] surface direction. The terraces
exhibit the typical (2 X 1) surface reconstruction with
dimer rows perpendicular to the step edges and the rebond-
ing of the Dy steps reduces the number of dangling bonds
[24,25]. Upon Ge deposition, the long terraces break up
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into short segments of varying length and with further
deposition, shorter and shorter terrace segments are formed
[15]. Moreover, the missing dimer rows of adjacent ter-
races start to line up along the [551] surface direction. This
leads to the formation of 1-2 ML deep trenches along the
miscut direction. As revealed by the STM image depicted
in Fig. 1(a) for 3.6 ML Ge coverage these evolve into
elongated mounds that resemble the shallow Stranski-
Krastanow seeds observed for subcritical Ge growth on
Si (001) [26]. The elongated mounds have typical widths of
5-10 nm and lengths of 15-30 nm [cf. Fig. 1(b)] and their
sidewalls are formed by small areas with local {105} sur-
face orientation. This leads to the appearance of weak
{105} facet spots in the surface orientation density map
(SOM) of the STM image which is shown as inset
in Fig. 1(a).

The isolated ripple seeds persist up to 4 ML coverage
without much change in amplitude or size. At a critical
coverage of 4.2 ML, however, a dramatic and sudden
surface transition occurs by which the whole epilayer
surface is rapidly transformed to a perfectly {105} faceted,
quasiperiodic 1D ripple structure. This is demonstrated by
the STM images displayed in Figs. 1(c) and 1(d) recorded
at 4.5 ML Ge coverage. As revealed by the high-resolution
STM image of Fig. 1(c), the sidewalls of the ripples exhibit

FIG. 1 (color online). STM images of Ge on Si (1110) depos-
ited at 550 °C recorded at coverages of (a) 3.7 ML, (b) 4.0 ML,
and 4.5 ML for (c) and (d). Note the different scale of the images.
The insets in (a) and (c) depict the surface orientation maps
(SOM) calculated from larger STM images, revealing complete
{105} facetation of the Ge surface at thicknesses exceeding
4.2 ML. Only isolated mounds and preripples are seen for lower
coverages. The insets in (b) and (d) show the 2D FFT power
spectra of the STM images. For the perfectly faceted Ge surface
at 4.5 ML, FFT satellite peaks (indicated by circles) up to the
second order are observed.

the characteristic zigzag structure of the rebonded-step
{105} surface reconstruction [27,28]. Moreover, the STM
surface orientation map depicted as the inset exhibits now
only two sharp maxima at the {105} positions. This under-
lines that the nanoripples seamlessly cover the whole epi-
layer surface and nowhere is the original (1110) surface
exposed. As demonstrated by the large scale STM image
presented in Fig. 1(d), the ripples are perfectly aligned
along the [551] miscut direction and they are remarkably
uniform in size. Their height is 1.2 nm and their average
width 17 nm as derived from statistical analysis, and their
length well exceeds 300 nm.

The abruptness of the ripple transition is demonstrated by
in situ RHEED experiments presented in Figs. 2(a)-2(d).
Upon ripple formation, the diffraction pattern drastically
changes due to scattering from the ripple facets.
Accordingly, the RHEED pattern after ripple formation
[Fig. 2(d)] shows strong facet diffraction spots (FS) and
the specular spot (SS) essentially disappears. For quantita-
tive analysis, in Fig. 2(a) the intensity evolution of the
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FIG. 2 (color online). (a) RHEED intensity of the specular spot
(SS, blue line) and a facet diffraction spot (FS, black line) plotted
as a function of Ge coverage on Si (1110), indicating an abrupt
morphological transition at a critical coverage of 4.2 ML.
RHEED patterns recorded at different coverages are shown in
(b) to (d). The schematic illustration of the flat 2D wetting layer
(WL) and the perfectly faceted (PF) ripple surface are shown in
(e) and (f), respectively. Panel (g) shows the evolution of the
surface profile along [—110] as a function of Ge coverage. The
shaded regions below the profiles represent the respective total
Ge amount deposited in each case and the horizontal dashed
lines the location of the Ge/Si heterointerface. For clarity, the
profiles are offset in the vertical direction.
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specular spot and the facet spot indicated in Fig. 2(d) is
plotted as a function of Ge coverage, evidencing a sharp
onset of ripple formation at a critical coverage of 4.2 ML
and a completion of the transformation process within a
fraction of a monolayer.

The ripple transition exhibits several remarkable fea-
tures, distinguishing it from the common SK evolution
observed, e.g., for Ge on Si (001) [3-5,9]. First, the ripples
completely cover the whole epilayer surface, i.e., initial
ripple seeds do not evolve into isolated SK islands, but
the layer as a whole is transformed to a nonplanar
faceted wetting layer (WL) as is shown schematically in
Figs. 2(e) and 2(f). Notably, nowhere does the original
(1110) surface remains exposed. Second, the ripples dis-
play a remarkable uniformity and quasiperiodic lateral
ordering. This is proven by the appearance of even second
order satellite peaks in the 2D Fourier transform (FFT)
power spectrum of the STM image shown in Fig. 1(d). The
ordered configuration with a high degree of correlation is
in contrast to uncorrelated island nucleation seen for the
usual SK growth mode. Third, whereas SK islands grow on
top of a 2D WL, the 1D ripple transition consumes most of
the layer beneath the ripple seeds; i.e., the ripples extend
all the way down to the Si/Ge interface. This is revealed by
STM analysis of the ripple volume per unit area Vz/A
using

Ve _

1
2 Eb = —h = —btang, (D)

Bl

®‘|3‘
~ ~
N =

where the ripple sidewall angle ¢ = 7.97° is fixed by the
{105} ripple geometry and the ripple period of b =
16.8 nm is precisely derived from the FFT satellite spac-
ings. This yields that at 4.5 ML coverage, 4.1 ML, i.e.,
nearly all material is contained in the ripples. Since at the
growth temperature of 550 °C Si/Ge intermixing is rather
small [22,23], this leaves less than half a ML of Ge at the
heterointerface below the ripples. This is contrary to SK Ge
island growth on Si (001), where for the same growth
conditions we find that the only the material exceeding
the critical thickness is contained within the islands.
Finally, the perfect ripple array also displays a remarkable
stability upon postgrowth annealing, showing no signs of
coarsening even for extended annealing cycles at 550 °C.
This indicates that the {105} faceted configuration repre-
sents a significant local minimum in the total energy of the
system.

To shed light on the nature of the ripple transition, we
have studied the energetics and kinetic pathways for ripple
formation. The latter is of particular interest because it is
difficult to conceive how the usual incoherent and uncorre-
lated SK island nucleation could lead to such a perfectly
faceted ripple surface. At the critical coverage 6., obvi-
ously at least one infinitely long SK ripple seed must be
stable on the surface, meaning that beyond a certain WL
thickness N (in MLs) it is energetically more favorable to

accumulate material in a ripple with base » and length L
rather than to distribute it evenly overa N + 1 ML 2D WL
surface. The corresponding total energy difference be-
tween these two configurations AE,, = AE,, + AEg s +
AEqg is calculated taking volumetric, surface as well as
edge energy costs into account.

The volumetric energy change per unit length can be
written as

AE,, _ b tang ( o = pur + YW (N) — Yy O(N + 1))

L 4 I,
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The first term contains the differences in elastic energy
densities Ap = pr—pw. between the ripple and the biax-
ially strained WL. For pure Ge ripples and WL, the energy
density pw;. = 1.624 meV/A® was computed by the finite
element method [9], revealing only a tiny relaxation
Ap/pwi. = —10% by the shallow ripple geometry. The
second term in (2) is determined by the WL surface energy
difference y3HO(N) — y3HO(N + 1) when N is incre-
mented to N + 1, divided by the height of the monolayer
hy, ~ 1.4 A. This difference results from the strong de-
crease of the yy1%(N) surface energy in the first few MLs
due to decaying electronic effects from the Si interface,
similar as for the Ge on Si (001) case [29]. The surface
energy term AE s is determined by the surface energy
difference when one ML is added on top of the WL instead
of covering the Nth ML surface by the basal area of a
ripple. It is given by

AEsurf/L = b( SngD’)/}QOS - ’ylxllll,o(N)) (3)

where yR® is the averaged surface energy of the {105}
ripple facets. Finally, the edge energy term AE.q,. is
given by

AEedge/L =3I, 4)

where 31" is the triple edge energy at the top and two basal
ripple facet intersections.

Both y4? versus N and the average facet surface energy
v were computed by ab initio density functional theory
using a double stepped D; model for the (1110) surface
[21,30] and the rebonded-step RS structure for the (105)
surface [29]. The anisotropic strain across the ripple facets
due to elastic strain relaxation was also included. The
derived results for N = 1 to 5 ML entering in Eq. (2) and
(3) are listed in Table I and the details about the complex
ab initio calculations are reported separately [30]. The
important outcome is that y40 > yi, ie., AEg ;<0
for any N value, meaning that the {105} facets are always
lower in energy than the (1110) WL surface. Considering
the low Ap value for the shallow ripple geometry, from
Table I one sees that the volumetric energy term AE,,; term
[Eq. (2)] is dominated by the lowering of the WL surface
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TABLE I. Free surface energy of the (1110) 2D Ge wetting
layer y40 and average (105) ripple facet surface energy yL> for
the geometries of Figs. 2(e) and 2(f) derived from density
functional theory calculations as a function of Ge coverage
0. as described in detail in Ref. [30]. The averaged surface
energy of the ripples takes into account the influence of the Si
substrate for the lower part of the facets as well as the actual

surface strain state across the ripples due to elastic relaxation.

0. [001 ML] yHHO [meV/A?] v [meV/A?]
1 75.2 72.5
2 68.4 65.9
3 65.3 62.9
4 63.8 61.3
5 63.1 60.3

energy with increasing N. Thus, strain relaxation plays a
minor role in this system.

Since the edge energy is difficult to determine by ab
initio calculations, in Fig. 3, the results for AE,,/L — 3T
as a function of ripple base b for different WL thicknesses
N are presented. For all reported N, an energy minimum is
found, meaning that a preferred ripple width exists. As
already discussed in Ref. [9], this feature is characteristic
for shallow islands with poor strain relaxation and strong
surface stabilization with respect to the WL. For N =
2.6 ML, theory predicts an optimal ripple width b ~
10 nm (vertical band in Fig. 3). This is in agreement
with the experimental observations of Fig. 1(c) at g, =
3.6 ML, from which it is estimated that a volume corre-
sponding to 1 ML Ge is already incorporated in the ripple
seeds, accounting for the difference in N and .. Since we
observe indefinite ripple elongation close to this coverage
in annealing experiments [31], we take this value as
the critical condition for infinite ripple elongation
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FIG. 3 (color online). Energy difference AE. /L — 3I'(=
AE,,/L + AEy/L) calculated using Egs. (2) and (3) between
an infinitely long {105} faceted ripple on a N ML thick WL and
the N + 1 ML thick 2D WL with the same volume plotted as a
function of ripple base b at different coverages N (left axis). The
horizontal line represents the value of —FE;g. /L= —-3I'=
—370 meV obtained by comparison with experiments (vertical
shaded bar). The right-hand axis shows the total energy AE,,/L
of the system using this value.

corresponding to AE,; = 0 for the system. This means
that at this coverage preripples would start to grow, but the
thermodynamic driving force is still too small to make the
first elongation attempts successful [cf. Fig. 1(a)]. Setting
AE, =0 for N =2.6 in Fig. 3 therefore, provides a
good estimate for the edge energy of the ripples of 3" =
370 meV/A as indicated by the horizontal line. This is
notably larger than previously derived theoretical values
[19] using, however, classical approaches and idealized
geometries. On the other hand, from the high-resolution
STM image of Fig. 1(c) it is evident that contributions to
the edge energy 3I" at the intersections of the ripple facets
actually come from a 2D surface region as wide as 3 nm,
where the local {105} reconstruction geometry is strongly
changed. The 3I" = 370 meV/ A value, therefore, contains
contributions from a rather wide area with an extra surface
energy of around 10 meV/A? with respect to {105}, which
is in line with typical differences between alternative sur-
face reconstructions [29]. Setting 31" to 370 meV/A, we
straightforwardly obtain the variation of E,,/L as repre-
sented by the right-hand scale of Fig. 3. While the results
are shown only for the pure Ge case, allowing for small
amounts of Si intermixing into the ripples does not alter
our predictions because of the minor role played by strain
relaxation.

Figure 3 allows us to extract further information on the
system behavior. According to it, once the critical thick-
ness is reached, ripples would simply grow larger with
increasing deposition as the minimum energy shifts to
larger basewidths, thereby mimicking a typical SK behav-
ior. This is, however, inconsistent with the experimental
results. To this end, an alternative mechanism is proposed
to account for the abrupt faceting transition in an efficient
and correlated way. As shown schematically in Fig. 4(a),
we propose a wavelike lateral ripple multiplication process
in which from each isolated ripple seed, secondary satellite
ripples are created by downward excavation of the wetting
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FIG. 4 (color online). (a) Wave propagation mechanism start-
ing from an isolated ripple (top) on a WL, creating first two
asymmetric satellites (middle) with satellite base b,, finally
leading to full faceting (bottom). (b) Energy difference between
the configurations of the single ripple with b; = 10 nm and the
ripple with two satellite ripples as a function of the final satellite
base b, for different N values.
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layer at the ripple edges. The resulting lateral motion of
material rapidly transforms the film to a completely faceted
WL. In Fig. 4(b), the total energy difference between the
initial single ripple configuration with b; = 10 nm and the
ripple with two adjacent satellite ripples is plotted for
different values of N as a function of increasing satellite
base b, as the trenches are downward excavated. For a
transformed material of N = 4.5 ML [upper scale of
Fig. 4(b)], we see that the system smoothly evolves to
satellite ripples with preferred base b, = 15 nm, leaving
a residual WL thickness less than 1 ML underneath. The
process repeats for all further satellite ripples and thus,
triggers a rapid surface transformation in which nearly all
deposited material is absorbed in the ripple structure and
the original (1110) surface is erased. The predicted favored
ripple width b as well as the residual WL thickness under-
neath nicely agree with the experimental values. Moreover,
the energetically favored ripple width b, turns out to be
practically independent of the initial seed ripple width b,
which is an important factor that promotes a high uniform-
ity of the final ripple structure.

In conclusion, our experimental and theoretical results
imply that the faceted film corresponds to a new type of
wetting layer rather than a SK configuration. Therefore, the
usual monotone evolution of SK seeds to 3D islands during
the initial deposition stages is strongly altered on the
vicinal (1110) surface. Such an anomaly should be present
also in other systems whenever peculiar shallow facets
displaying geometric degeneracy and low surface energy
densities compared to the substrate are present. At higher
coverages and temperatures, eventually a transition to
dome islands with steeper side facets will occur, as then
energetics are dominated by elastic effects. Our work has
also revealed an effective pathway for the abrupt faceting
process and we have originally provided a first
experimentally derived estimate for the edge energy of
{105} facets with nonsharp junctions, serving as a reference
for other edge energies in SK systems that are presently far
off to be computed by ab initio approaches.
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