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Abstract

We identify the most important parameters for the growth of ordered SiGe islands on
pit-patterned Si(001) substrates. From a multi-dimensional parameter space we link individual
contributions to isolate their influence on ordered island growth. This includes the influences
of: the pit size, pit depth and pit period on the Si buffer layer and subsequent Ge growth; the
pit sidewall inclination on Ge island growth; the amount of Ge on island morphologies as well
as the influences of the pit-size homogeneity, the pit period, the Ge growth temperature and
rate on island formation. We highlight that the initial pit shape and pit size in combination
with the growth conditions of the Si buffer layer should be adjusted to provide suitable
preconditions for the growth of Ge islands with the desired size, composition and nucleation

position. Furthermore, we demonstrate that the wetting layer between pits can play the role of
a stabilizer that inhibits shape transformations of ordered islands. Thus, dislocation formation
within islands can be delayed, uniform arrays of one island type can be fabricated and

secondary island nucleation between pits can be impeded. These findings allow us to fabricate

perfectly ordered and homogeneous Ge islands on one and the same sample, even if the pit
period is varied from a few hundred nanometres to several micrometres.

Online supplementary data available from stacks.iop.org/Nano/24/105601/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

The ordering of Ge quantum dots (QDs), also called islands,
on Si substrates [1-24] is a must for any attempt to integrate
them into devices based on the existing Si technology, because
of the mandatory addressability. Moreover, ordered QDs
exhibit improved size uniformity, at least for a larger window
of growth parameters [6, 12, 17] and, equally important, their
chemical composition is more homogeneous as compared to
randomly nucleated islands [14, 15, 17]. Since the chemical
composition crucially determines the energy band offsets of
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the hetero-epitaxial system, the influence of the chemical
composition, and its three-dimensional variation within the
dots, on the luminescence emission energy is at least as
important as the influence of size variations [17].

Accurate control over inter-island distances enables a
variety of electronic [25, 26] and optoelectronic applications.
Ordered QDs, especially group III-V QDs with type-I band
offsets, grown on pit-patterned substrates with pit periods
larger than 1 wum can be used for devices with novel
functionalities, such as single photon emitters [27, 28],
which, in turn, are highly interesting in the emerging field
of optical data communications [29]. At the other extreme,
when the spacing between the islands enters the nanoscale
regime (<100 nm) [12, 16] wavefunctions of the individual

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Table 1. Sample parameters.

Sample group (SG)/sample (S)

(# of samples) Fields  dpj (nm) Opening diameter (nm)  Depth (nm)  Pit shape
SGa (2) 7 425 175-425 47-5 Cylindrical
SGg (2) 7 425-3400 260 45 Cylindrical
SGc (4) 7 300-900 200 50 Cylindrical
Sp (1) 1 500 200 50 Cylindrical
Sg (1) 1 1000 150-295 106-208 Pyramidal
Sr (1) 1 400 195-225 138-159 Pyramidal

QDs start to interact, and it is expected that mini-bands
are formed, similarly to electronic bands in molecules. This
would eventually lead to an additional degree of tunability
of the electronic and optical properties of the QDs [30,
31]. However, only perfect ordering of the QDs makes their
integration into existing devices feasible.

There are several reports describing the effects of
individual growth parameters on the growth of ordered
Ge islands on Si(001), however, a systematic and concise
investigation of this multi-dimensional parameter space has
been missing so far. This is what we are aiming at in this
contribution. We first give, in section 3.1, a general overview
of the most important parameters for the growth of ordered
SiGe islands on pit-patterned Si(001) substrates. In the
subsequent sections we discuss the following dependences:
in section 3.2, the influence of the pit size and depth on the
Si buffer layer and on Ge growth; in section 3.3, the role of
the pit period on the Si buffer layer growth; in section 3.4, the
influence of the pit sidewall inclination on Ge island growth;
in section 3.5, the dependence of the amount of deposited
Ge on island growth, in section 3.6, the influence of the pit
homogeneity on island growth; in section 3.7, the influence of
the pattern period and the Ge growth temperature on island
growth; and finally in section 3.8, the influence of the growth
rate on the Ge wetting layer and Ge island growth.

Since small changes in the composition of the deposited
epilayer material usually change the growth in a drastic
manner [32-34], also for island growth on pre-patterned
substrates [35, 36], we restricted the experiments presented
in this work to the deposition of pure Ge on pit-patterned Si
only.

The similarities of the Ge on Si(001) system to other
hetero-epitaxial systems such as the InAs on GaAs(001)
system are highlighted in section 4. Due to this resemblance
we believe that many aspects of the growth of ordered Ge
islands on pit-patterned Si(001) substrates described in this
work can indeed be translated to other material systems such
as InAs on GaAs.

2. Fabrication of patterned substrates and island
growth

We pit-patterned high-resistivity (>1000 € cm) Si(001)
substrates by electron beam lithography. Subsequently, the pit
pattern was transferred into the substrate either by reactive
ion etching (RIE), resulting in approximately cylindrical pits,
or by wet etching using tetramethylammonium hydroxide

(TMAH), resulting in inverted pyramidal, {111}-faceted pits.
The {111}-faceted and the cylindrical pits were fabricated
following the method described in [18, 19, 21, 22]. The size
of the pit-patterned fields was chosen to be 200 x 200 pm?
in all cases. We fabricated altogether eleven e-beam-written
samples. Their main properties are summarized in table 1.
The pits are characterized by their opening diameter, their
depth and shape, and finally the distance between individual
openings.

For two identical samples (sample group A, (SGa)) the
pit-pattern period (dpjt) was set constant to 425 nm on all
seven fields, and only the e-beam dose was varied. This
resulted, after pattern transfer via reactive ion etching into the
Si substrate, in a variation of the pit opening diameter from
175 to 425 nm, while the pit depth varied from 5 to 47 nm.
Two other identical samples (SGp) also contain seven fields,
where the pit period was varied from 425 to 3400 nm whereas
the pit depths and opening diameters were kept constant for
all fields (45 nm and 260 nm, respectively). Four identical
samples (SG¢), each containing seven fields with varying dp;
from 300 to 900 nm, were fabricated. For those samples the
pit depths and opening diameters were 50 nm and 200 nm,
respectively. Additionally, sample (S) D (Sp) had one single
field with 500 nm pit period and the cylindrical pits had a
depth and diameter of 50 nm and 200 nm, respectively. One
sample, Sg had a single field with d},;y = 1 um and wet-etched,
pyramidal {111}-faceted pits with different opening sizes,
ranging from 150 to 295 nm. Similar {111}-pits with slightly
irregular opening sizes were produced on sample Sk, where
dpir was chosen to be 400 nm.

The samples were cleaned ex sifu, and immediately
before their introduction into a load-lock chamber received
a dip into diluted (1%) hydrofluoric acid (HF) to remove the
natural oxide. Growth was carried out in a Riber Siva 45 solid
source molecular beam epitaxy (MBE) facility. After in situ
degassing at 700 °C for 40 min, we grew on all samples a Si
buffer layer by depositing 45 nm of Si at a rate of 0.6 A s~!
and at a growth temperature that was ramped up from 450 to
550 °C. The buffer layer step was finished by a ramp-up step to
the respective growth temperature of Ge (7ge), during which
both the Ge and the Si shutter were closed. On one of the two
samples of each group SGa and SGg three monolayers (ML)
of Ge were deposited at Tge = 700°C (rate: 0.03 A s,
whereas for the other sample of each of these groups the
growth sequence was stopped before the Ge deposition, i.e.
after the Si buffer growth and the subsequent ramp-up to Tge.

For SG¢ we chose Tge to be 650°C, 690 °C, 725 °C and
760 °C, respectively. For all samples in SG¢c, 6 ML of Ge
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Figure 1. Parameter space for strictly ordered island growth on
pit-patterned substrates, linking the most important factors for the
growth of strictly ordered Ge/Si quantum dots on pit-patterned
Si(001) substrates.

were deposited at a growth rate of 0.05 A s~!. For samples
Sp (dpit = 500 nm), Sg (dpix = 1000 nm) and Sg (dpir =
400 nm), 6 ML, 3.8 ML and 5 ML of Ge were deposited at
Tge = 625°C, 700 °C and 700 °C, respectively.

After growth, the surface of the samples was charac-
terized ex sifu using a Digital Instruments Dimension 3100
atomic force microscope (AFM) with sharpened Si tips having
half-opening angles of 15° and nominal tip radii of 2 nm.

In the following sections most of the AFM micrographs
are presented in the surface-angle image (SAI) mode, where
the local surface slope is plotted with respect to the (001)
substrate surface. The colour coding was chosen in such a way
that stable facets can be immediately identified by different
colours (for more information on this nano-goniometric
method see [37]).

3. Results and discussion

3.1. Conditions for perfect ordering of QDs in the Ge/Si
system

In order to obtain both perfect ordering of islands and also
structural and optical properties, many aspects of substrate
patterning and growth have to be taken into account. A
summary of the ten most important parameters for the growth
of ordered Ge islands on pit-patterned Si(001) substrates is
depicted in figure 1. Depending on the respective application,
QDs of different size and chemical composition are desired.
Therefore, as summarized in figure 1, the designed QD
size and chemical composition, desired nucleation position
(in the pit or at certain positions at the pit rim), pit depth, pit
diameter and pit shape, Si buffer layer growth, pattern period,
composition of the deposited material, growth temperature,
deposition rate and volume have to be adjusted in order to
get optimal growth conditions. Besides this multi-dimensional
parameter space, there are additional preconditions that
need to be fulfilled for the growth of strictly ordered

SiGe island ensembles. For example, the substrate type and
orientation [38] has to be adjusted to the designed QDs.
No contamination or crystalline defects should be introduced
during the fabrication of the pit-patterned templates. The
sample surface has to be perfectly clean and surface roughness
on the planar parts between the pits has to be avoided by any
means to ensure large enough surface diffusion lengths for the
deposited adatoms.

Usually, samples are degassed in situ at an elevated
temperature before the material deposition steps. This
procedure ensures that hydrogen atoms and other possible
remaining surface impurity molecules can be desorbed before
the Si buffer layer is grown. The degassing step has to be
performed below a temperature of about 750 °C in order to
prevent the formation of silicon carbide and changes of the
original pit shape [18]. Also a complete removal of the native
SiO; by a HF dip turned out to be extremely important, since
any remaining SiO; induces a large Si atom mobility beneath
the SiO», resulting in a complete smearing out of the Si pits
during the degassing step [39].

3.2. Influence of the pit size/depth on the Si buffer layer and
on Ge growth

The Si buffer layer serves two purposes: first, it should provide
an epitaxial layer that acts as a separation layer between the
QDs and the initial substrate surface and possible impurities
therein. Second, it should convert etched pits into smooth
shapes defined by low-surface-energy facets of the respective
material system. The latter often leads in the case of Si pits
to inverted pyramids with {11n}-facets and n > 7 form [10,
11]. One probable reason for the success in growing ordered
Ge QDs on Si(001) pit-patterned substrates as compared
to other material systems is that strained Ge develops the
low-energy {105} facet, which is inclined at 11.3° to the
substrate surface. Its angle is close to those of the {117} to {1
1 10} facets (inclined at 11.4°-8° with respect to the surface
plane) that can be formed during Si buffer layer growth on the
pit-patterned substrate [7, 9—11].

Several reports describe the evolution of the pit shape
after the growth of a Si buffer layer [7, 9-11], but only for
a few selected pit periods and initial pit dimensions. Since
the Si buffer layer growth is a key to the successful growth
of ordered islands on pit-patterned substrates, a systematic
correlation of the original pit dimensions and the pit period
with Si buffer layer growth is given next.

As mentioned in section 2, we can separate the influence
of the pit dimensions and periods by writing a matrix of
patterned fields on a single Si(001) substrate, where for
example along the matrix columns (rows) the pit dimensions
(pit periods) are varied. In this way, all fields of the matrix
undergo the same processing and growth conditions.

In panels (a)—(g) of figure 2, the sub-panels (i) show AFM
micrographs of pits on sample SGa before Si buffer growth.
The colour coding contains the depth information of the pits.
The black lines in figure 2(h) show the corresponding line
scans in the [110]-direction through the middle of the pits,
which before growth have different opening diameters ranging
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Figure 2. Influence of pit dimensions on the Si buffer layer and Ge growth. Sample group SGy. For all fields dy,; = 425 nm.

(a)—(g) Sub-panels (i): AFM images of the pits before growth. The colour coding contains the depth information of the pits. The pit
diameters before growth are (a) 175 nm, (b) 212 nm, (c) 262 nm, (d) 292 nm, (e) 344 nm, (f) 420 nm and (g) 425 nm. (a)—(g) Sub-panels
(i1): Surface inclination images (SAI) of the respective pits shown in sub-panel (i) after growth of a 45 nm thick Si buffer layer. The colour
coding was chosen in such a way that for inclinations <10° the colour changes (from white to violet) every 2°, see left colour bar.
Additionally, the stable Ge and SiGe facets {105} (11.3°), {113} (25.2°) and {15 3 23} (33.6°) are indicated by their own colour, blue, green
and black, respectively. (a)—(g) Sub-panels (iii): SAIs of the respective pits shown in sub-panel (ii) after the deposition of 3 ML of Ge at
700°C. (h) Linescans in the [110]-direction through the middle of the pits shown in (a)—(g) before growth (black curves), after Si buffer

layer growth (blue curves), and after Ge growth (red curves).

from 175 to 425 nm (see also figures 2(a)—(g)). The pits were
etched by RIE in one and the same etching step since all fields
are located on one sample. However, because of geometrical
limitations of the AFM tip (see section 2), the measured pit
depths are slightly lower for pits with smaller opening sizes
(see figure 2(h)). For the pits with opening sizes larger than
344 nm, shown in figures 2(f) and (g), the pit depth decreases
to 20 nm and 5 nm, respectively, since the RIE etching also
begins to attack the sidewalls between the pits. This happens
because the resist (in this case e-beam resist) does not have
a sharp edge in close proximity to the pit, but is slightly
rounded. In the case of pits nearly touching each other, this
lithographic imperfection can lead to an eventual merging
of the pits during etching. For the AFM line-scan analysis

(figure 2(h)), we set the zero level in such a way that the (001)
surface outside the patterned fields is at the same height of
47 nm.

In the sub-panels (ii) of figures 2(a)—(g), AFM surface-
angle images (SAI see also [37, 40]) after Si buffer layer
growth (45 nm at a substrate temperature ramped up from
450 to 550°C) are shown. The colour coding was chosen
in such way that for facet angles in the range between
0° and 10° the colour changes when the angle changes by 2°.
Additionally, the colours blue, green and black indicate the
well-known Ge and SiGe facets {105}, {113} and {15 3 23},
respectively. Such a colour coding makes it easy to distinguish
between differently faceted pits, even if most of them are
of inverted pyramidal shape [7, 9-11] or—at least in their
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cross-section—inverted bell-like shape (see blue linescans
in figure 2(h)). After buffer layer growth the maximum pit
sidewall inclination changes to ~6° for an initial pit diameter
of 175 nm (figure 2(a), panel (ii)), and to 33.6° for an initial
pit diameter of 292 nm (figure 2(d), panel (ii)).

If not limited by the pattern period, the pits after Si buffer
layer growth are in general shallower but wider, as already
reported in [7, 9—11]. In the sub-panels (iii) of figures 2(a)—(g),
we present SATs of the pits after the deposition of the Si buffer
layer and subsequent growth of 3 ML of Ge at Tg. = 700 °C.
As evidenced in figure 2, Ge deposition further smoothens the
pits and the respective steepest pit sidewall inclination angles
are further reduced. This so-called anomalous smoothening
effect is theoretically explained in [41]. Pyramidal islands
(figures 2(c) and (d), sub-panel iii) are observed in pits with
sidewall angles between 5° and 7° (figure 2(c)), and 8° and
11° (figure 2(d)).

It is important to mention that the relative positions
of the line scans shown in figure 2(h) with respect to
each other were estimated on the basis of the amount of
deposited Si and Ge and the conservation of volumes. The
real respective positions of the line scans can probably only be
clarified by cross-sectional transmission electron microscopy
experiments. However, we are confident that the positions
calculated from volume conservation as shown in figure 2(h)
are close to reality.

Summarizing the results presented in figure 2, it becomes
evident that the smoothening of the pits by the Si buffer layer
that takes place via surface faceting by {11n}-facets such as
{113}-facets results in inverted pyramidal and bell-shaped pits
after Si buffer layer growth. There is obviously no specific
stability of the pits against capillary forces driving the surface
smoothening [42], which, in turn, emphasizes the importance
of adjusting the growth parameters of the Si buffer layer to
the initial pit dimensions, since perfectly ordered islands with
homogeneous size distribution can only be grown in pits with
certain properties, as will be described in detail in section 3.4.

3.3. Influence of the pit period on Si buffer layer growth

It was not evident a priori whether for identical pits an
area increase of the planar parts between the pits, i.e. an
increase of dpit, would influence the pit shape during Si buffer
layer growth. In general, with increasing d;r more deposited
material is available per unit cell of the pattern, which could
be driven into the respective pit by capillary forces [42].
Thus, for SGp we fixed the original pit opening diameter and
depth to 260 nm and 45 nm, respectively, and varied only
the pattern period to determine its influence on the pit shape
after Si buffer layer growth. Figures 3(a) and (b) depict pits
after buffer layer growth for periods of 850 and 3400 nm.
Additionally, figure 2(c), sub-panel (ii) (sample SGa ), shows
pits with a period of 425 nm and an original pit diameter of
260 nm. From the SAI images, and also from the statistical
evaluation of the most important pit parameters (i.e. depth,
diameter, and volume), presented in figure 3(c), it becomes
clear that the pattern period has only a slight direct influence
on the morphological evolution of the pits during buffer layer

(a) p=850 nm (b) p=3400 nm g3.6°
- w 0
e 0 0 <
=
. r[110] 600 nm [110] 600nm
— —
(C) P O B AR A D 3.0
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Figure 3. Influence of pit-period on Si buffer layer growth for
substrate template SGg. (a) and (b)AFM-SALI of pits (original pit
depth and diameter: 45 and 260 nm) with (a) dpiy = 850 nm and
(b) dpix = 3.4 um. (c) Statistical evaluation of the pit depth,
diameter and volume performed on 30 pits per period. The full
symbols describe the pit before growth and the open symbols after
growth. Red triangles describe the pit depth, black circles the
diameter and blue squares the volume. The open and full arrows
point to the respective ordinate.

growth, i.e. the pit depths, diameters and volumes after Si
deposition do not vary with increasing dpi;. We attributed
this behaviour to the relatively low surface mobility of Si as
compared to Ge [43], which is related to a larger Si—Si adatom
binding energy as compared to the Ge—-Ge case. The observed
virtual independence of the Si buffer properties from dp; is
in strong contrast to the influence of dy;; and the amount of
Ge deposition on Ge island growth, as will be explained in
section 3.7. It can be seen from figure 3 that, in general, the pit
depth decreases with Si buffer layer deposition, while the pit
diameter as well as the volume increases, i.e. the pits become
shallower and wider (see also [7, 9-11] and figure 2).

3.4. Influence of pit sidewall inclination on Ge island growth

The sidewall angle of the pits after the growth of the Si buffer
layer and the Ge wetting layer has a substantial influence on
the nucleation position of Ge islands. In a recent work [19] we
have shown that the pit sidewall angle (o) has to be lower
than 30° to make island nucleation inside the pit energetically
favourable. In contrast, for oy > 30°, relaxation of the strain
accumulated in the substrate and the initial relaxation of
the wetting layer favour island nucleation at the rim of the
pits [19, 44, 45]. The morphological evolution during the
growth of such rim-bound islands can be found in [46]. There
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Figure 4. Influence of pit sidewall angle on Ge island growth I. AFM—SAI images of sample Sg. (a)—(0) Originally {111}-pits with

dpit = 1 um and varying opening size (150 nm for (a) and 295 nm for (0)) after Si buffer layer growth and deposition of 3.8 ML of Ge at
700 °C. For none of the pits with apiy < ~5° island formation is observed in the pit. (See also figures 2(a) and (b), panels iii), while for

apit > ~30°, in (m)—(0), islands nucleate at the rim of the pit. Only for ~5° < oy < ~18° highly symmetric islands grow in the middle of

the pits.

it is shown that the influence of the pit leads to additional
tweezers-like faceting of the pre-pyramids and pyramids.

Figures 4(a)—(0) show pits (Sg) with different sidewall
inclination angles, produced by the method described in [19].
The differently sized pits were initially of {111}-faceted
pyramidal shape. After the growth of the buffer and the Ge
wetting layer we obtained, depending on their initial size,
pits with varying sidewall inclination angles ranging from
2° to 54.7°. Figure 4 demonstrates that island formation
occurs only for pits with apie > ~5°, whereas for lower ot it
seems to be energetically favourable to flatten the already very
shallow pits, instead of nucleating upright islands. We found
for all sample groups (see also section 3.6) that islands do
not nucleate inside or around pits, if the pits are too shallow,
i.e. if apit < ~5°. We find that ~5° < apic < ~18° represents
the optimum pit sidewall inclination angle window for which
highly symmetric islands grow at the centre of the pits (see
figures 4(d)—(i)). Thus, this sidewall inclination angle region
is of greatest interest for most applications.

For steeper pit angles ~18° < apiy < ~30° (fig-
ures 2(j)—(1)) the islands in the pit centre tend to be asymmetric
and the island facets become shallower. Upright Ge islands
forming in such pits are in an intermediate state where the
nucleation position in the middle of the pit becomes less
favourable [19].

Finally, for api; > ~30°, islands start to nucleate at the
rim of the pit for the aforementioned reasons.

In figure 5 we present a borderline case (sample Sp),
where the pit sidewall inclination angle is about 26°, and
thus rim-bound pyramids (Prim) co-exist with pyramids (Pp;)
and domes nucleating inside the pits (Dp;). Additionally, also
asymmetric, dislocated islands called superdomes (SD) [47]

[100] 200nm

42.0°

Figure 5. Influence of pit sidewall angle on Ge island growth II.
AFM micrograph in SAI mode of a pit-patterned sample after
deposition of both the Si buffer and Ge on sample Sp, 6 ML of Ge
grown at 625 °C, dpiy = 500 nm. i is between 25° and 30° (yellow
colour) and thus represents the limiting pit shape for nucleation
inside the pit (domes and pyramids, Dp; and Py, respectively) and
nucleation at the rim of the pit (Pyin). The colour bar is chosen in
such a way that the {105}-facets (blue), {113}-facets (yellow) and
{15 3 23} (red)-facets have their own colour.

can be found in some of the pits since the pit sidewall
inclination angle is not perfect for either island configuration
(rim, or middle of the pit).

A general trend for perfectly ordered island growth in the
middle of pits seems to be the following: (i) the pit sidewall
angle should be between 5° and 18° (see discussion above)
and (ii) the ratio between the island diameter and the pit
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Figure 6. Island evolution with increasing Ge coverage per unit cell area. 3D-AFM micrographs of a pit (a) before growth, (b) after Si
buffer layer growth, (c)—(h) with increasing Ge deposition at Tg. = 650 °C. With an increasing amount of Ge per 300 x 300 nm? unit cell
area (6 ML for (c) and 10 ML for (h)) the evolution from pit faceting (c) to the formation of pyramids (d)—(f), transition domes, and domes

(h) can be followed.

diameter after Ge growth has to be around 1:2. This was
certainly verified for the samples investigated in this work,
but also for very small dots of 3 nm height and 35 nm base
diameter that are located in about 70 nm wide pits [48], as
well as for very large but still coherent islands (diameter about
300 nm) that are grown in the middle of 500 nm wide pits [49].

3.5. Influence of the amount of deposited Ge on island growth

On a coarse scale concerning the deposited Ge volume, it
is evident that the deposition volume plays a crucial role,
since beyond a critical thickness strained epilayers inevitably
relax by the formation of unwanted misfit dislocations [50].
On a much finer scale more subtle effects play a role. Island
formation on planar substrates occurs at a Ge coverage of
around 4.2 ML on Si(001) [51, 52]. However, before islands
are nucleated, the wetting layer (WL) grows to an overcritical
thickness as a consequence of the lower surface energies of the
epilayer material (Ge) as compared to the substrate material
(Si) [53, 54]. Islands in pits, on the other hand, can only grow
to a certain volume before they eventually start to introduce
dislocations [22]. Thus, if the deposited material exceeds the
volume that is needed to achieve a critical WL thickness
plus the material that is needed to form the islands in the
pits, secondary island nucleation will take place between the
pits [9, 21, 55].

The influence of the pattern period is strongly correlated
with the amount of deposited material, since every pit is
surrounded by a unit cell area (i.e. the pit-period squared)
from which mobile Ge atoms can be statistically collected
by the pit. Thus, for large pit periods less material has to be
deposited to form QDs of the same size than for small pit
periods [16, 21].

On a flat substrate, and for elevated growth temperatures
above about 670 °C, dome islands are the first stable species
growing on a metastable WL before pyramids appear [51, 52].
On pit-patterned substrates the situation is different. The WL
does not tend to grow to an overcritical thickness [20] since
the pits act as material sinks that attract the loosely bound
Ge in the third and fourth monolayer. Since an overcritical
thickness, metastable WL is not present between the pits,
initial dome formation prior to pyramid formation in the pit
is neither expected nor observed experimentally.

Figures 6(a) and (b) present a pit before and after Si buffer
layer growth, where the previously discussed faceting of the
pit with Si buffer growth can be seen. The pit period is in this
case 300 nm. Figures 6(c)—(h) depict the island evolution from
WL faceting (figure 6(c)) to small and larger pyramids [56]
(figures 6(d)—(f)), transition domes [57, 58] (figure 6(g)), and
domes [59, 51] (figure 6(h)). During the AFM micrograph
sequence shown in figures 6(c)—(h) the amount of Ge per
300 x 300 nm? pattern unit cell increases from 6 to 11 ML.
The whole morphological evolution of one Ge dot in a pit
with increasing amount of Ge deposition can be seen in Video
1 in the supplementary material (available at stacks.iop.org/
Nano/24/105601/mmedia), where single AFM micrographs
are linked together to form the movie.

This difference in the growth-morphology evolution, as
compared to Ge island growth on planar substrates, is of
importance since it allows, on patterned samples, the growth
of an array of small pyramids, a few nm high, without the
existence of larger domes (see section 3.8).

3.6. Influence of the pit homogeneity on island growth

It is not too surprising that for strictly ordered island
growth the initially fabricated patterned pits need to be
highly homogeneous in their structural dimensions. Here, we
demonstrate that even very small pit-size inhomogeneities of
less than 4% of the pit-opening lengths can have a drastic
influence on the growth of Ge islands. Figure 7(a) depicts
an AFM height image of the sample with wet-etched (in
TMAH), {111}-faceted pits (dpix = 400 nm) before the growth
(Sp). Due to temporary problems with the e-beam lithography
system, the pits were inhomogeneous in size (see figure 7(a)).
The standard deviations, based on measurements of 34 pits,
are 4.3% in pit depth and 7.4% in pit-opening area. This
otherwise undesired pattern fluctuation was exploited here
to investigate the influence of the relatively small pit-size
variation on island growth. Figure 7(b) depicts the sample
after the growth of 5 ML of Ge, deposited at Tge = 700 °C,
in an AFM micrograph in SAI mode. The deposition of the
Si buffer layer and of the 5 ML Ge lead to single islands
located off-centre, as well as to double and triple islands in
the pits. Apparently, pits with small api; do not lead to the
nucleation of islands, see figure 7(b), which is in agreement
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Figure 7. Influence of the pit homogeneity on Ge island growth. Sample template Sg: (a) AFM height mode image of the {111}-pits

(dpir = 400 nm) before growth. The pit dimensions are inhomogeneous due to defective e-beam lithography. (b) AFM micrograph in SAI
mode. 5 ML of Ge were deposited at 700 °C. The Si buffer layer and Ge layer growth lead to single dots located off-centre, as well as
double dots and triple dots in the pits. Pits with small aic do not host islands, while nicely centred islands are only found in steeper pits

(dark-blue colour—see white arrows).

with the findings of section 3.4 (figure 4). Islands positioned
in the centre of a pit are only found in steeper pits with
~5° < apit < ~18°, as discussed in section 3.4 (dark-blue
colour—see white arrows in figure 7(b)).

3.7. Influence of pattern period and Ge growth temperature
on Ge island growth

The Ge growth temperature plays a significant role when
designing dot shapes and material compositions, since the
degree of intermixing of the QDs with the underlying
substrate [22, 60, 61] is correlated with the growth
temperature. This affects the effective lattice mismatch of the
dots and also the band offsets, and thus the emission properties
of the QDs [62]. The effect of the growth temperature on
the diffusion of the adatoms is not a major bottleneck when
designing perfectly ordered dots, since for not too low MBE
growth temperatures (>600 °C) the diffusion length of Ge is
at least an order of magnitude larger than the pit periods used
within this work [55, 63].

Figure 8 summarizes the influences of the pattern period
dpit and TGe on the island morphology and their nucleation
position. For all samples, 6 ML of Ge were deposited at a rate
of 0.05 A s~!. For all Tg, one can find periods in the range
300400 nm for which single islands nucleate exclusively
in the pre-patterned pits (see e.g. figures 8(a), (d), (g) and
(7). Depending on Tge and dy, those islands are either
pyramids (Ppi;), domes (Dp;), or transition states (transition
domes TDp;t). For a high Ge growth temperature of 760 °C,
the pits in which the islands are located after Ge growth are
shallower than the ones where Ge was deposited at lower Tge.
In figures 8(j)—(1) this can be seen from the light blue colour,
whereas the corresponding pits in figures 8(a)—(i) are darker,
i.e. steeper. As discussed in section 3.6 (see figure 7(b)), if pits
are too shallow, then islands tend to nucleate not at the centre
of the pit, but rather on the sides of the pit. This trend can also
be followed in figure 8(k).

For higher dp;, the ratio between the area of the flat
regions between the pits and the area of the pits increases.

Thus, the relative amount of Ge that can be transferred to
a pit, and thus contribute to island growth there, increases.
Depending on the growth rate (see section 3.8), this can lead
to the formation of large dislocated superdomes (SD) [21]
and double occupation of islands in the pits, as well as a
thickening of the WL between the pits [21]. In the latter
case secondary island nucleation sets in once the critical
WL thickness for island formation is reached in the flat
substrate regions between the pits. Superdome formation and
the formation of secondary islands are unwanted for any kind
of application, since the former leads to a strong quenching of
photoluminescence emission from the island ensemble [21]
and the latter spoils the addressability and homogeneity of the
islands.

Thus, we will describe, in the following, strategies to
achieve perfect control over island growth without superdome
and secondary island formation for a large range of pit
periods.

3.8. Influence of Ge growth rate on Ge island growth

The Ge deposition rate plays a crucial role for uniform island
nucleation. For the right combination of pit size and shape (as
discussed above) quantum dots nucleate inside the pits, which
act as preferential nucleation sites. Triggered by differences
in the chemical potential, the deposited Ge flows towards
the pits [1] via surface diffusion effects. If the growth rate
is too high, the material stored in the WL around the pits
is very quickly buried by the next epilayer of atoms. For
instance, if the deposition rate is about 0.1 ML s~!, then
one layer is fully buried after 10 s by the next arriving layer.
For the growth rates used in this work, which are typical
for ordered Ge island growth [6, 8, 10, 11, 17, 20, 21], Ge
atoms can diffuse tens of microns on the substrate and the
wetting layer surface before they are incorporated [55, 63].
Pits and islands attract diffusing Ge atoms with a certain,
island-specific capture rate [55]. The lifetime of a single
Ge atom on a Ge wetting layer is on the order of tens of
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Figure 8. Influence of the pattern period and 7. on island growth. AFM micrographs in SAI mode of SG¢. The colours blue, yellow and
red correspond to {105}, {113} and {15 3 23}-facets, respectively. 6 ML of Ge were deposited at (a)—(c) 650 °C, (d)—(f) 690 °C,

(g)-(1) 725°C and (j)—(1) 760 °C. Islands (pyramids Py, domes D, transition domes TDy, transition barns (Tg—facets: {105}, {113}, {15
323}, {20 4 23} and {23 4 20}) and superdomes SDy;) nucleate in the pits for dp < 600 nm. (¢), (f), (i), (I) For dpi > 600 nm secondary

islands nucleate on the flat regions between the pits.

seconds before it is incorporated into the WL or an island [55].
Thus, it is necessary to choose a growth rate not too large
in order to allow material flow towards the pits. Otherwise,
the adatoms that cannot reach the pits before they are buried
by the next arriving monolayer become trapped in the planar
areas between the pits, and therefore lead to a thickening
of the WL. At its critical thickness of ~4.2 ML, secondary
islands start to nucleate between the pits [21].

Figure 9 schematically shows the balance between
incorporation rate (red arrows) and deposition rate (green

arrows). In the example presented in figure 9(a) the
incorporation rate is larger than the deposition rate, hence
islands nucleate only in the pits. For larger pit-periods,
figure 9(b), the incorporation rate is lower than the deposition
rate, because of the lower density of material sinks. If this is
the case, then part of the deposited material will contribute
to a thickening of the WL between the pits and, eventually,
lead to island formation there, as shown in the right panel of
figure 9(b) and experimentally observed in figures 8(c), (f), (i)
and (1).
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Figure 9. Influence of deposition and incorporation rate on the
location of island nucleation. Schematic representation of a
pit-patterned substrate with small and large d,,;; but otherwise
identical pit dimensions. Every pit collects randomly Ge atoms from
the surroundings with a specific capture rate indicated by red
arrows. The deposition rate is indicated by green arrows. If the
incorporation rate (number of red arrows) is equal to or higher than
the deposition rate (number of green arrows) then islands nucleate
only on their favourable position (in the pit for rather flat pits
(inclination angles between 5° and 18°)). Otherwise, secondary
island nucleation on the flat areas between the pits is unavoidable,
once the WL there exceeds its critical thickness of ~4.2 ML.

Therefore, two conclusions for the growth of islands on
pit-patterned fields with large dp;; can be drawn: first, the
growth rate must not be too high in order to allow an effective
Ge transfer to the material sinks (pits) before the adatoms get
covered by the next deposited layer. Second, even for very low
growth rates, when the number of material sinks approaches
zero (i.e. very large pit periods of several micrometres), island
formation on the flat regions is unavoidable if the amount of
deposited Ge is so high that the WL between the pits reaches
the critical thickness for island formation (4.2 ML for Tge
700°C, [51]). Thus, to obtain strictly ordered islands on
substrates with large dpit, one has to deposit an amount of Ge
that would be below the critical thickness (4.2 ML), but above
3 ML, since below this thickness atoms are very strongly
bound in the WL [53, 54], which prevents Ge diffusing to the
pits. For amounts of 3—4.2 ML the Ge atoms in the topmost
layers are, due to their lower surface energy [54], only weakly
bound and will contribute to island growth in the pits.

Figure 10 presents perfectly ordered pyramids for dp;
varying from 425 (figure 10(a)) to 3400 nm (figures 10((g),
(h))). Note that all these fields were located on one and the
same sample (SGp) and, thus, were grown in the same MBE
growth run under the aforementioned growth conditions, i.e.

3 ML of Ge were grown at Tge = 700 °C and at a growth rate
of 0.03 As™!.

Figure 11 reports the measured volumes of the islands
depicted in figure 10 (empty red squares) and the WL
thickness between the pits versus the unit cell area (i.e. dzit).
Since the surface area of the pits, the amount of deposited
Ge per pattern unit cell area and the average Ge content in
the islands (about 42% at Tge = 700°C [22]) are known,
and the island volume can be determined by AFM analysis,
it is possible to estimate the WL thickness in the flat regions
between the pits for every d,;. The uncertainties in the exact
amount of deposited Ge are smaller than about +4% for
the MBE system used and £2.5% in the Ge content of the
islands [22]. However, the largest uncertainty remains the
amount of Ge collected by the pit before the pyramid evolves.
Zhang et al [11] report that for similar growth conditions
pre-pyramids in pits only start to form after the deposition of
~3.7 ML of Ge. In [55], we show that for lower Ge growth
temperature (650 °C instead of 700 °C used in this work) but
similar pit size, 6 ML of Ge are stored in the pit before islands
start to grow. Based on selective wet-etching experiments,
Zhang et al [20] qualitatively demonstrate that for a Ge
deposition of 3.5 ML (i.e. before island formation) Ge is
indeed transferred from the planar parts between the pits to the
pits. Hence, it is reasonable to assume that the WL in the pits is
thicker than between the pits, but a quantitative determination
of the differences in the respective WL thickness is difficult to
extract.

Thus, we have calculated the WL thickness between the
pits for three cases: As an example we assumed that 2.8 ML
of Ge (full green circles), 3.3 ML of Ge (full blue stars) and
3.8 ML of Ge (full black squares) contribute to the initial pit
faceting (see figure 11).

While for the larger dp¢ in all three cases the WL
thickness approaches 3 ML (for dpit = 3.4 um, only 0.4% of
the deposited Ge per unit cell is stored in islands) we find
that for the smaller pit periods the remaining WL thickness
is significantly smaller. For dpit = 425 nm almost 19% of the
deposited Ge is located in the islands. For realistic pit filling
volumes (3.3 and 3.8 ML of Ge, see discussion above and
blue stars and black squares in figure 11), the WL thickness
between the pits drops for the field with dpyy = 425 nm
even below 2 ML. This is remarkable, since a WL of 3 ML
thickness is not yet in the ‘thick-film limit’ [53, 54]. If a WL
is thinner than the thick-film limit, then adding a monolayer
of Ge to the WL decreases its surface energy because the Ge
atoms in the topmost layer are still influenced by the stronger
bonds of the Si substrate beneath them [53, 54].

Consequently, when Ge from the WL surrounding the pit
diffuses into the pits, the energetic benefit of decorating a pit
with Ge and forming a Ge island in the pit must be comparable
to the cost of the increasing surface energy of the WL with
decreasing WL thickness (see [53]).

In figure 11 region I indicates where, with an increasing
amount of Ge per unit cell, both island volume and WL
thickness increase are favoured. In region II, the pyramid
volumes saturate for dpyy > 2 ,u,m2 at a value of about 5.5 x
10* nm3. From [55] we know that close to this volume
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Figure 10. Strictly ordered islands on a single sample with wide d; variations. Sample template SGg. AFM images in derivative mode of a
sample (SGp) after Si buffer layer growth and the deposition of 3 ML of Ge at 700 °C. djy;, increases from (a) 425 nm to (g) 3.4 um.
(h) presents a zoom-in of a pyramidal island in a field with dpi; = 3.4 um. No secondary islands between the pits are observed.

pyramids transform on pit-patterned substrates into transition
domes, i.e. islands that exhibit steeper {113}-facets at their
apex in addition to the {105} pyramid facets [57, 58]. Creating
anew facet initially increases the total energy [58, 64] because
a few extra atoms on a reconstructed island facet correspond
to a high surface energy configuration. Thus, creating a new
island facet acts as an activation barrier for this morphological
transition.

From this experimental evidence we interpret that this
activation energy for the formation of a new facet cannot
be overcome because WL thickening between the pits (up
to 4.2 ML) is still favoured [53, 54] and thus the energetic
cost of creating a new facet in combination with the increased
surface energy at decreased WL thickness outweighs the
benefit of the morphological island transition. In this case the
WL acts as stabilizer that inhibits pyramids from undergoing
a shape transformation to a dome-island through a metastable
transition dome shape. Such an activation energy for the
island’s morphological transition as described above has to be
expected whenever islands have to undergo a transition state
where unfinished facets are present on the island’s surface, e.g.
at a transition from pyramids to domes, and also from domes
to barns [65].

11

We can speculate how the growth would proceed if the
deposition of Ge increased beyond the state presented in
figure 10. Similar to the growth process described in [21],
the WL would further thicken, lowering its surface energy.
Depending on the ratio of Ge growth rate and island
incorporation rate [55], either secondary island nucleation
between the pits [21] or transformation of the pyramids in the
pits into domes followed by a further morphological transition
to bigger barns [11, 49] or dislocated superdomes [21] will
occur. In an upcoming work [55] we will present a rate
equation model quantitatively describing the influence of the
Ge deposition rate on the morphological transitions of islands
in pit-patterned Si(001) substrates.

4. Comparison to the InAs/GaAs system

As for Ge islands on Si substrates [1-24], also InAs
dot site control was achieved on pit-patterned GaAs(001)
substrates [66—74]. Many of the aspects of ordered Ge/Si
island growth described in this work can also be helpful
when applied to other material systems such as, for example,
the InAs/GaAs system. The strain in the InAs/GaAs system
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Figure 11. Island volume and WL thickness versus unit cell area,
1.e. pattern period. Open red squares: pyramid volumes for different
pit periods (425 nm-3.4 pum) (see figure 10) were evaluated for
about 30 islands each period. The WL thickness between the pits
was derived from the deposited Ge volume, the Ge volume stored in
the islands and for three different volumes of Ge used for faceting
the pit. Colour coded full symbols symbolize that 2.8 ML (green
circles), 3.3 ML (blue stars) and 3.8 ML (black squares) of Ge are
stored in the pits before the islands grow. The solid lines are guides
for the eye. The dashed horizontal line indicates a WL thickness of
3 ML. I and II mark regions of monotonic island volume increase
and constant island volume, respectively.

of 7.9% is significantly higher than in the Ge/Si system,
where it amounts to 4.2%. Thus, the critical WL thickness
for island nucleation is smaller (~1.6 ML, [2]) for the
InAs/GaAs system as compared to the approximately 4.2 ML
for SiGe/Si(001) [51, 52].

Kiravittaya et al [2] have shown that there exist
similarities between the two systems, despite the significantly
different lattice mismatch of the constituent crystals.
Depending on growth properties such as growth temperature
and growth rate, a large variety of QD types exist in both
systems, which can be easily distinguished by their surface
faceting [2, 75]. Usually, the same architectonic names are
given for those structures in the Ge/Si and InAs/GaAs
systems, the most prominent being huts, pyramids, domes,
barns and cupolas [2, 37, 56, 59, 65]. Shape transitions
between the different island types are similar and well
documented for both material systems [57, 58, 67] and
the diffusion lengths of the adatom species (Ge or In and
As, respectively) were found to be comparable (i.e. several
micrometres) in both systems [63, 55, 67].

Additionally to those findings, it is important to mention
that also the initially formed WL behaves in a similar way
in the InAs/GaAs and Ge/Si systems. The influence of the
WL thickness on the surface energy and chemical potential is
very comparable. For both systems the first monolayer (ML)
of the epilayer sticks very strongly to the substrate surface [54,
76] and the surface energy decreases with increasing WL
thickness. This dependence of the surface energy on the
WL thickness is in both material systems the reason for the
formation of an In-rich [71] and a Ge-rich [77] WL which
grows to an overcritical thickness (about one extra ML) [51,
52, 78]. The extra material stored in this metastable WL

is used to form the initial islands, which are large dome
islands [2, 51, 52].

The last two points, which seem to be minor effects
for the growth of nanostructures, are actually of great
importance when it comes to the growth of two-dimensional
and three-dimensional arrays of QDs, see section 3.8. The
loosely bound material stored in the WL, which will be
transferred towards the material sinks in the pits [1], has to
be taken into account if one is aiming at an ordered growth of
dots.

Also the effect of GeSi and InAs—GaAs intermixing in the
islands on the PL emission energies [17, 71] was found to be
similar. In both GeSi and InAs islands the inhomogeneous Ge
or In concentration leads to an enhanced confining potential
that lowers the real electronic size of the islands below its
geometrical size [17, 71].

5. Summary and conclusion

In summary, we have studied the strictly ordered growth of Ge
islands on pit-patterned Si(001) substrates using MBE grown
samples and post-growth AFM measurements. We presented
an overview of the parameter space that has to be considered
in order to obtain perfectly ordered islands. We have shown
that already the pit preparation, i.e. the pit dimensions and the
pit distance as well as the initially grown Si buffer layer, sets
the course for successful Ge island growth. We find that the pit
sidewall inclination after the Si buffer layer growth should be
neither too low (>~5°) nor too high (<~18°). These angles
represent the optimum pit sidewall inclination angle window
for which highly symmetric islands grow at the centre of the
pits.

Furthermore, the influence of the Ge growth rate, the
amount of deposited Ge and the Ge growth temperature were
addressed. We demonstrate that it is important to match these
three parameters for a certain given pit period in order to avoid
the formation of dislocated islands and secondary islands
between the pits.

Finally, we presented a method to fabricate strictly
ordered islands for a wide range of inter-pit distances. Our
results highlight that the WL between the pits plays a crucial
role in stabilizing the islands and thus allowing perfect
ordering of Ge islands. We highlight that this is possible under
the same growth conditions on one and the same sample, even
if the pit period is varied from field to field from a few hundred
nanometres to several micrometres.
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