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Material Distribution across the Interface of Random and Ordered Island Arrays
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We grow single and twofold stacked island layers on patterned substrates and investigate the material
distribution in and around the patterned area. For both layers a pronounced material depletion region
occurs outside the pattern. The material gradients across the planar-patterned interface are symmetric
in the first, but highly asymmetric in the second layer. We can describe these phenomena by simulations
that take into account the surface curvature for the first and a strain-field modulated surface for the

second layer.
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It is foreseeable that the full potential of self-assembled
quantum dots [1] can be unleashed only if a controlled
positioning and high integration of these nanostructures
inside more complex device architectures can be realized.
For this purpose people have grown self-assembled is-
lands on patterned substrates, where the formation sites
could be rigorously controlled [2,3]. The ability to later-
ally align self-assembled islands into dense periodic
arrays has opened the path to investigate novel growth
phenomena [4-7] as well as to fabricate quantum dot
arrays with excellent size homogeneity [3,8].

In this Letter, we investigate the distribution of mate-
rial accommodated in self-assembled islands across the
interface of random and ordered island arrays in both
single and twofold stacked layers. A pronounced island-
free region around the patterned area is measured in both
layers, which we interpret as a material depletion region.
From the material distribution across the interface, we
deduce a symmetric diffusion process in the first, but a
highly asymmetric diffusion process in the second layer.
The observed results can be explained by a growth model
that considers the patterned area in the first layer as a
simple material ““sink’ but needs to take into account the
strain fields originating from buried islands in the case of
the second layer.

We fabricated patterned areas (60 X 50 um?) by stan-
dard electron-beam lithography and reactive ion etching
on Si(001) substrates. Each patterned field consists of
trenches having a depth of 24 nm, a width of 120 nm,
and a period of 320 nm. After patterning, the substrate
was transferred into a solid source molecular beam epi-
taxy chamber and a 50 nm Si buffer layer was grown at
0.1 nm/s, while the substrate temperature was increased
from 460 to 620 °C. All subsequent layers were grown at
620°C. Then, 5 or 7 monolayers (MLs) of Ge were
deposited at a growth rate of 0.044 ML/s for the single
layer samples. For the twofold stacked layer samples, the
initial 7 ML Ge island layer was overgrown with 30 nm
Siand a second (4 or 7 ML thick) Ge layer was grown on a
flat surface. Under these conditions, a perfect vertical
alignment of Ge islands was observed [9]. The island
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morphologies were investigated ex situ by a Nanoscope
IT1a atomic force microscope (AFM) in tapping mode.

In Fig. 1(a) we show a large AFM image (80 X
80 um?) obtained after deposition of 5 ML Ge on the
whole surface area. The patterned area (60 X 50 wm?)
can be recognized in the center of the AFM image.
Although we cannot resolve individual islands from this
large area scan, we can nevertheless identify an island-
free region surrounding the patterned area, which we
interpret as a material depletion region [10]. This region,
which is bordered by randomly distributed islands on the
flat surface, is observed independently of the Ge coverage
(5-7 ML).

In order to obtain a more detailed picture of the surface
morphology, we took (5 X 5 um?) AFM scans along the
path indicated in Fig. 1(a). One-dimensional chains of
well-aligned Ge islands are clearly observed in the pre-
defined patterned trenches [Figs. 1(b) and 1(c)] as has
been reported previously [6,11], while a random island
distribution is evident on the flat surface surrounding the
patterned area [Figs. 1(d) and 1(e)]. On the flat surface, the
islands consist of a bimodal distribution of pyramids
(density: 5.3 wm~2) and domes (density: 4.1 um~?2). At
the center of the patterned area, we observe mainly
pyramid islands, while dome islands are located predomi-
nantly near the inner edge of the pattern. It is well known
that during growth at a constant temperature a transition
from pyramids to domes occurs when the Ge coverage
increases [12,13]. Since the island density within the
patterned area stays constant at 12.6 * 0.7 um™2, our
results directly imply that more Ge adatoms accumulate
near the inner edge than in the middle of the pattern. This
observation together with the material depletion region
around the patterned area indicates that a directional
diffusion occurs from the unpatterned, flat surface to-
wards the patterned area. In order to quantify the material
distribution across the interface, we determine the total
material accommodated in the islands per unit area, O,
from a series of AFM scans taken across the center of the
patterned area. The results are summarized in Fig. 2(a)
for the first and in Fig. 2(b) for the second island layer.
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FIG. 1 (color online). (a) Large area (80 X 80 um?) AFM
image of a single 5 ML Ge island layer sample (620 °C) with
the patterned area in the center of the image. (b)—(e) AFM
images (5 X 5 um?) of the areas marked in (a). An island-free
region is clearly observed around the pattern. The insets of (b)
and (c) are zoomed AFM images (1.2 X 0.9 um?).

First we consider the case of a single island layer
[Fig. 2(a)]. For 5 and 7 ML Ge depositions, ® increases
when moving from the center of the patterned area to-
wards the interface and it decreases when moving from
the unpatterned area towards the interface. The experi-
mental results (solid symbols) were fitted (solid lines)
using a simple exponential function that allows us to
determine the diffusion length L of the Ge adatoms
[14]. The fit reveals almost identical diffusion lengths of
5.0 £ 0.5 um on the patterned and unpatterned areas.

We now consider the second island layer in Fig. 2(b). In
this case, we also observe an island-free region. A simple
exponential function is, however, not able to fit the evo-
lution of ® across the interface. The situation is compli-
cated by the fact that the strain fields originating from
buried islands significantly affect the Ge adatom diffu-
sion and nucleation. We describe the distribution of ® in a
more general way using the error function erf[(x — x;)/
2L], where x, is the center of the fitting function. In this
case, we find a significantly shorter diffusion length on
the unpatterned area than on the patterned area. For 7 ML
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FIG. 2. Distribution of total material accommodated in the
islands per unit area (®) across the interface for (a) the first
layer with 5 (A) and 7 (M) ML Ge deposition and (b) the
second layer with 4 (A) and 7 () ML Ge deposition. The
simulation results (open symbols) are presented along with
experimental results. The solid lines correspond to fits of the
experimental data. Diffusion lengths are also indicated.

Ge in the second layer, we observe a slight volume over-
shoot on the flat surface near the island-free region
[marked as “P” in Fig. 2(b)]. This effect cannot be ex-
plained assuming a simple diffusion theory.

In order to capture the physics of our experimental ob-
servations, we have developed a more quantitative growth
model for a large surface area (80 X 80 um?). We con-
sider the mean-field energy ‘““felt”” by the deposited Ge
material. This total energy E is derived from the chemical
potential for single Ge adatoms [5,15] and is defined as

E= Eb + Ecurv + Estr» (1)

where Ey, is a binding energy on the planar substrate taken
as a constant, E_,, is the mean-field energy contribution
due to the surface curvature, and E; is the strain energy
contribution due to the buried islands.

In the case of the first island layer, there is no strain
energy contribution (Ey, = 0) to the total energy. Instead,
the patterned area is exclusively characterized by surface
curvature and can be taken as a sink for the deposited
material, since the mean-field energy due to surface cur-
vature is expected to be lower in this area than on the
planar surface. The total energy prior to growth of the
first island layer is shown in Fig. 3(a).

For the second layer, the surface is flat prior to island
growth [16]. Hence, there is no contribution from the
surface curvature to the total energy. The elastic strain
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FIG. 3 (color online). (a) Total energy prior to first layer
growth. The surface curvature lowers the total energy on the
patterned area. (b) Total energy prior to second layer growth.
The profile is characterized by short- and long-range strain
contributions caused by buried islands in the first layer.

energy profile E, is calculated using an analytical ex-
pression for a single island [17] and then by adding the
strain contributions from all islands in the patterned area
[7]. The buried Ge islands are treated as square-based
boxes with 160 nm base length and 20 nm height. We
take into account the size of the patterned area (60 X
50 wm?), the mean island distance in the trenches
(250 nm), and the trench period (320 nm) for the strain
calculation. For simplicity, we assume a two-dimensional
periodic array. Figure 3(b) shows the energy profile be-
fore deposition of the second island layer. The patterned
area is on average tensile strained due to the buried
ordered island array while the surrounding area is com-
pressively strained. This compression will modify the
diffusion of the Ge material around the patterned area.
In addition, the short-range tensile strain outside the
patterned area (small points), originating from the ran-
dom buried islands, is magnified in the inset of Fig. 3(b).

On the long-range scale, the Ge material diffusion
follows the gradient of the mean-field energy. For our
simulation, we choose a domain discretized into an area
of 300 X 300 pixels with periodic boundary conditions.
At the center of this domain, an area of 120 X 100 is
taken as the patterned area. In this model, the Ge material
is placed inside the domain (deposition) and can subse-
quently diffuse (or stop) with a diffusion probability p;.
For an event i, the diffusion probability p; is defined as
the ratio between the diffusion flux of that event i to the
total diffusion flux [18]. For an event i, the diffusion flux
for the deposited Ge is given by [19]

F; = F2% exp(—AE/kgT), )

where E is defined in Eq. (1) and AE is the energy
difference between two neighboring pixels. T is the sub-
strate temperature, kp is Boltzmann’s constant, and F{)) S
is a constant. During diffusion, the Ge material can either
stop at a pixel (in that case F(I))’S = Fg) or diffuse to a
neighboring pixel (in that case F(I))'S = FY). In our model,
we decompose the strain energy originating from the
buried islands into two terms, ie., Ey = EL + ES,,
where EL, is the long-range strain energy and ES; is the

short-range tensile strain energy contribution from the
buried island array. EL. corresponds to a compressive
strain energy ESL&U outside the pattern, while inside the
pattern it corresponds to a tensile strain energy EL [see
Fig. 4(b)]. ES, is responsible for the vertical ordering in
stacked island structures [9,20]. Hence, the ES, term
increases the material accumulation probability on the
pixel located directly above a buried island. For the
second layer growth simulation, we define ES. as
8(x, y)AES,, where 8(x,y) = 1 directly above a buried
island and zero elsewhere. AEY, is the amplitude of the
long-range compressive strain, which repels Ge material
diffusing towards the patterned area. Based on our con-
siderations, we schematically plot the expected material
distributions ® and energy profiles E for the first and
second island layers in Figs. 4(a) and 4(b).

Our growth simulation is carried out as follows: in
each simulation step, the Ge material is randomly depos-
ited onto one of the 300 X 300 pixels. Then, the material
diffuses to a neighboring pixel according to the proba-
bility p;, which depends on the flux defined in Eq. (2). The
diffusion continues until nucleation occurs.

Figure 5 shows the material distributions obtained
from averaging over 100 simulations. For the first island
layer [Fig. 5(a)], a good description of our experiments
can be obtained with F§ =400 X F§ and AE., =
154 meV. The ratio of F§ and F3 defines the average
number of diffusion steps before Ge material stops.
Taking F) = 400 X Fj and assuming AE = 0, we obtain
a diffusion length of 8.1 wm on a flat surface. The two-
dimensional simulation is shown in Fig. 5(a) and the
material distribution along the solid line is rescaled in
the y direction and plotted in Fig. 2(a) (open symbols)
together with the experimental data. We obtain a good fit
of the experimental results, confirming our assumption
that on the long-range scale the patterned area can be
considered as a material sink for the deposited Ge.
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FIG. 4. Schematic illustration of the growth model for (a) the
first and (b) the second layer. The upper part presents the
expected volume profile of the deposited material while the
lower part shows the assumed energy profile across the pat-
terned area.
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FIG. 5 (color online). Material distribution obtained from
(a) first layer simulation and (b) second layer simulation. The
volume along the solid lines is rescaled and plotted in Fig. 2.
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For the second layer, the simulation result is shown in
Fig. 5(b). We use the following parameters for this simu-
lation: FY =400 X F§, AES, = 34 meV, and AELY =
1.15 eV. The value of AES, is compatible with our calcu-
lations of the strain energies found on top of the buried
islands (18 meV). However, the fitted AELY is much
larger than expected (~ meV). The reason for this ap-
parent discrepancy lies in the lateral scaling of the model.
In our simulation the Ge material needs less than ten
diffusive steps to overcome the long-range barrier AEL,,
while in reality a Ge adatom hops many thousand times
to diffuse over this barrier. We determine the cross-
sectional profile of the material distribution along the
line indicated in Fig. 5(b). The rescaled results are shown
as open symbols in Fig. 2(b). Our simulations can excel-
lently fit the asymmetric material distribution across the
interface between the patterned and the unpatterned area.
The simulation can explain the material accumulation at
position P in Fig. 2(b). The long-range compressive strain
repels Ge material diffusing towards the patterned area
thus leading to a material accumulation in the vicinity of
the island-free region.

Finally, we discuss the limitations of our model
Compared to the considered growth area, we use a simu-
lation domain of extremely low resolution (only 300 X
300 pixels), which means that an island has a lateral size
of a single pixel. The low resolution of our growth simu-
lation implies that we cannot predict any short-range
effects such as the island density, their local size homo-
geneity, nor the properties of the single islands such as
their size and shape. Moreover, we neglect the wetting
layer and consider a maximum coverage of only 1 ML.
These assumptions mean that the calculated material
distribution needs to be upscaled in the y direction by a
free but constant factor to fit our experimental results. We
have tried to understand our experimental data by leaving
the diffusion barrier E constant (AE = 0) and changing
the nucleation barrier (smaller in the patterned area and
higher on planar surface), which is included in the term
F(I))'S. By doing so, we always found an asymmetric dif-
fusion profile in the first layer, which is in contrast to our
experimental results.

In conclusion, we investigated the distribution of ma-
terial accommodated in self-assembled islands across the

interface between patterned and unpatterned areas. Our
measurements imply that a material depletion region
around the finite sized patterned area occurs for single
and twofold stacked island layers. Simulations suggest
that for the first layer the patterned area acts as a material
sink. For the stacked layer, a strain-modulated surface
was taken into account to explain a highly asymmetric
diffusion in and around the pattern. Our results provide a
better understanding of self-assembled island growth on
finite sized patterned areas, which is of fundamental
importance for future high integration of novel single
quantum dot devices.
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