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Spatial structure of Ing 25Gag 75As/GaAs/GaP quantum dots on the

atomic scale

Christopher Prohl,2 Andrea Lenz, Dominik Roy, Josephine Schuppang, Gernot Stracke,
André Strittmatter, Udo W. Pohl, Dieter Bimberg, Holger Eisele, and Mario Dahne
Technische Universitdat Berlin, Institut fiir Festkorperphysik, Hardenbergstr. 36, 10623 Berlin, Germany

(Received 22 January 2013; accepted 14 March 2013; published online 25 March 2013)

Ing»5Gag 75As/GaAs quantum dots grown by metalorganic vapor-phase epitaxy in a GaP matrix
have been investigated on the atomic scale using cross-sectional scanning tunneling microscopy.
The quantum dots have a truncated pyramidal shape with a reversed cone stoichiometry profile. All
deposited indium is found within the quantum dots and the occasionally observed quantum rings,
while the wetting layer has a GaAsP composition without any indium inside. This indicates an
intense lateral material transfer during growth. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4798520]

The growth and properties of In(Ga)As quantum dots in
a GaAs matrix have been extensively studied, leading to a
variety of applications in semiconductor opto-electronics.'
GaP as a matrix material has recently come into focus due to
a small lattice mismatch of less than 0.4% to silicon, ena-
bling pseudomorphic growth of GaP on silicon substrates.’
Developing semiconductor nanostructures such as InGaAs
quantum dots in a GaP matrix will offer the possibility of
direct integration of III-V opto-electronic devices into
silicon-based technology. Furthermore, InGaAs/GaP quan-
tum dots are interesting for new nano-memory cells due to
their expected high hole-localization energies,” promising
long storage times for DRAM with high structural density.*

The exploration of suitable growth conditions in this
highly strained In(Ga)As/GaP system proved to be very
challenging.*® For a detailed understanding of the growth
processes and for improving the opto-electronic proper-
ties, the knowledge about the resulting atomic structure is
essential. Here, we applied cross-sectional scanning tun-
neling microscopy (XSTM) as a powerful tool to obtain
atomically resolved structural data of InGaAs/GaAs/
GaP(001) nanostructures.

The sample was grown by metalorganic vapor-phase
epitaxy on a GaP(001) substrate. It contains a stack of three
InGaAs/GaAs layers grown at 500°C, each consisting of
nominally 3.0 monolayers (ML) GaAs followed by 2.0 ML of
Ing»5Gag75As and a growth interruption of 10s [see Fig.
1(a)]. The GaAs layer deposited prior to the InGaAs layer was
used to induce the Stranski-Krastanov growth mode, leading
to quantum-dot formation.* The three Ing,sGag-sAs/GaAs
layers are separated from each other by 50 nm undoped GaP
to prevent strain-induced alignment. Finally, a 10-fold super-
lattice of 2.0 ML GaAs and 10nm GaP was grown on top at
600 °C, in order to study the growth of the GaAs interlayers
separately without the influence of the InGaAs deposition.

The XSTM experiment was performed using a custom-
ized instrument with an RHK Technology SPM 1000 control
unit. Clean (110) surfaces were obtained by cleavage under
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ultrahigh vacuum conditions at a base pressure below
1 x 1078 Pa. Electrochemically etched tungsten wires were
used as tips, which were further cleaned in situ by electron
bombardment.

A filled-state XSTM overview image across the (110)
cleavage surface is shown in Fig. 1(b). The three
Ing»5Gag 75As/GaAs layers can be easily identified as stripes
of bright contrast, being separated by about 50 nm of GaP.
The bright contrast originates from the higher lattice parame-
ter of InGaAs and GaAs as compared with GaP, leading to
an outward relaxation (structural contrast) of the compres-
sively strained layers after sample cleavage. In addition, the
low-dimensional states of InGaAs and GaAs in GaP contrib-
ute to an increased tunneling probability as compared with
the GaP matrix (electronic contrast) and thus a related bright
image contrast.”

The contrast in each of the Ing5Gag 75As/GaAs layers is
not homogeneous along the [110] direction. Instead localized
regions of brighter contrast are visible, indicating the forma-
tion of quantum dots. In between these quantum dots, an in-
termediate contrast is found, which is related to the wetting
layer. The structural findings indicate a Stranski-Krastanov
growth mode for the investigated InGaAs/GaAs/GaP system.
From a statistical analysis of the nanostructure occurrence
across several XSTM overview images the areal density was
determined to about 2.4 x 10'' ¢cm~2 for the nanostructures
in each layer.

10 nm GaP.
2.0 ML GaAs
50 nm GaP

50 nm GaP

50 nm GaP i
2,0 ML Ing oeGag zeAs [110]

N

FIG. 1. (a) Schematic of the investigated sample showing the nominally
grown layers. (b) Filled-state XSTM overview image showing the three
Ing25Gag 75As/GaAs layers as well as one GaAs layer in the GaP matrix. In
addition two monoatomic surface steps are visible, one very close to the first
InGaAs quantum-dot layer. The image was taken at a sample voltage Vr
= —2.5 V and a tunneling current /T = 50 pA.

3.0 ML GaAs

© 2013 American Institute of Physics
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FIG. 2. Filled-state XSTM images of (a),(b) a quantum dot and (c),(d) a
quantum ring. The images were taken at Vy = —3.0 V and It = 30 pA.
The contours of the nanostructures are marked by the solid lines. The dashed
line in (b) marks the indium-rich area. The bright spots on top of the GaP
surface are supposed to be phosphorous adatoms pulled out of the cleavage
surface during the scanning process (see Ref. 15).

Figure 2 shows high-resolution filled-state XSTM
images of different single nanostructures. A typical quantum
dot is shown in Figs. 2(a) and 2(b). It has a trapezoidal cross
section, as highlighted by the solid lines in Fig. 2(b), indicat-
ing a truncated pyramidal shape. Such a truncated pyramidal
shape is typical for capped quantum dots and was already
found for other material systems like InAs/GaAs.'®'* The
average quantum-dot base length is found to be 12 nm, and
quantum-dot heights up to 10 ML are observed.

In some cases, two smaller trapezoidal cross sections
appear very close to each other or even overlap as, e.g.,
shown in Figs. 2(c) and 2(d). This kind of appearance was
already occasionally observed in experiments growing
In(Ga)As on GaAs,'" but more frequently for GaSb on
GaAs."® Such a cross-sectional shape is obtained by cleaving
through so-called quantum rings.'® Since the cleavage
through the quantum rings occurs at an arbitrary position,
their appearance in XSTM experiments may vary between a
double structure for more central cleavages and a single
structure—being equivalent to the cross section of a quantum
dot—for a cleavage near the side of the quantum ring. Here,
the quantum rings show average total base lengths of 21 nm
with heights up to 9ML. Hence, the larger quantum dots

Appl. Phys. Lett. 102, 123102 (2013)

transform into quantum rings during growth'® or cap-
ping.'"'” The similar contrast of quantum dots and rings
indicates a comparable chemical composition.

A closer look at Figs. 2(a) and 2(b) also yields a non-
uniform contrast within the quantum dots. The dot center is
characterized by a significantly brighter contrast than the dot
sides. Furthermore, the width of the region with bright con-
trast is most narrow at the quantum-dot base and broader
towards its top. Thus, the area of brighter contrast has the
shape of a reversed truncated cone as highlighted by the
dashed lines in Fig. 2(b). This contrast is caused by a higher
indium concentration at the center as compared with the
outer parts of the quantum dot. Such a stoichiometry profile
has already been observed for InGaAs quantum dots in a
GaAs matrix.'"'®

Figure 3(a) shows an XSTM filled-state image of a
wetting-layer region of one of the Ing,5Gag;sAs/GaAs
layers. The wetting layer appears with heights between 2 and
5ML and shows an inhomogeneous contrast, being charac-
terized by regions with two different brightnesses. Since the
image is measured in filled-state mode—corresponding to
negative sample bias—its contrast is mostly sensitive to the
group-V sublattice with darker phosphorous and brighter ar-
senic atoms. The brighter arsenic-rich regions [marked by
ovals in Figure 3(a)] are surrounded by darker phosphorous-
rich ones. Each of these regions for itself shows a homogene-
ous brightness which already indicates that no indium is
present within the wetting layer.

For a quantitative evaluation of the stoichiometry within
the quantum dots and the wetting layer the local lattice pa-
rameter along growth direction as derived from the XSTM
data can be analyzed.'™'" For this purpose, the distance of
neighboring atomic chains is determined within a selected
area and plotted versus the position along growth direction.

(a)

—
N |
-
(=]

—

~

a

0 10 20 30 40 50 60 70
position in growth direction (ML)

local lattice parameter (A) §
()]

FIG. 3. (a) Filled-state XSTM image of the wetting layer region, taken at
Vr = —3.0 V and It = 30 pA. Arsenic-rich regions with brighter contrast
are marked by (yellow) ovals. (b) Evaluation of the local lattice parameter
along growth direction within the (green) box in (a). The local lattice param-
eter is related to the local arsenic concentration. The right scale bar and the
dashed line in (b) indicate the calculated values for the local lattice parame-
ter for strained GaAsP layers in a GaP matrix.
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The resulting graph in Fig. 3(b) shows the local lattice param-
eter for the selected wetting-layer region of the Ing,5Gag 75As/
GaAs layer, averaged perpendicular to the growth direction
over about 5nm, as highlighted by the (green) box in
Fig. 3(a). The local lattice parameter underneath and above
the wetting layer is normalized to the value of the GaP bulk
lattice constant of 5.45 A. The slight variation is of statistical
origin, based on, e.g., scanning artefacts or adatoms at the
surface. In the area of the wetting layer the local lattice pa-
rameter increases considerably due to the change in material
composition. The compressive strain originating from the lat-
tice mismatch leads to a relaxation along growth direction
(biaxial strain), further increasing the local lattice parameter.
The small undershoot before the InGaAs/GaAs deposition in
the graph of Fig. 3(b) is characteristic for an inhomogeneity
of the wetting-layer composition, as already observed above.
The local lattice parameter is found to be increased in a
2-3ML wide region, in good agreement with the visual
appearance of the wetting layer in the XSTM image showing
local heights of 2—-5 ML in growth direction.

For a quantitative analysis of the local stoichiometry,
the local lattice parameter for GaAsP layers of different
composition within a GaP matrix was calculated using
continuum-mechanical strain-relaxation on a biaxially strained
system. The resulting relation between the local lattice param-
eter and the arsenic concentration y is shown by the scale bar
on the right side in Fig. 3(b). The measured local lattice pa-
rameter increases roughly to the calculated value for pure
GaAs embedded in GaP, again supporting the above assump-
tion that no indium is present within the wetting layer.

In the quantum dots, in contrast, the local lattice param-
eter clearly shows the incorporation of indium: Figure 4
shows the analysis of the local lattice parameter for the quan-
tum dot shown in Figs. 2(a) and 2(b). In Fig. 4(a) the two
graphs correspond to the data derived at the quantum-dot
center and at the quantum-dot sides as highlighted by the
(blue and red) boxes in the XSTM image in the inset. The
local lattice parameter at the quantum-dot center is found to
be much higher at the top of the quantum dot than at its base,
in good agreement with the stoichiometry profile of the
quantum dot already obtained above by visual inspection of
the XSTM image contrast.

In Fig. 4(b) the profile of the local lattice parameter
averaged over the entire quantum-dot area is shown as high-
lighted by the (green) box in the inset. The local lattice pa-
rameter is compressed underneath the quantum dot and rises
to comparably high values within the quantum dot, exceed-
ing the value of GaAs in GaP. This proves the incorporation
of indium within the quantum dots during growth. Also, the
undershoot below the GaP lattice parameter is much larger
as compared with the case of the wetting layer, indicating a
stronger compression of the material directly underneath the
quantum dot as well as at the quantum-dot base, as compared
with the weak compression due to the stoichiometry fluctua-
tions within the wetting layer. Taking this compression into
account, the curve is locally corrected as shown in (green)
open squares, in order to reflect the actual material concen-
tration within the quantum dot.

In contrast to the wetting layer [see Fig. 3(a)] the
filled-state XSTM image contrast for the quantum dots is
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FIG. 4. Evaluation of the local lattice parameter and the related stoichiomet-
ric composition along growth direction for a representative quantum dot.
The graphs show the evaluated data (a) for the quantum-dot center in (red)
dots and for the quantum-dot sides in (blue) squares and (b) averaged over
the entire quantum-dot region in (green) squares and the corrected data in
(green) open squares. For the latter the compression around the quantum-dot
base is taken into account. The evaluated data in each case refer to the high-
lighted boxes in the XSTM images. The right scale bars and the dashed lines
in the graphs indicate the calculated values for the local lattice parameter for
strained GaAsP and InGaAs layers in a GaP matrix.

characterized by a much softer variation (see Fig. 2).
Therefore, we may assume that no phosphorous is present
within the quantum dots, which accordingly consist of
InGaAs. From the local lattice parameter now the indium
concentration x within the InGaAs quantum dots can be
derived, as illustrated by the upper scale bar on the right side
in Figs. 4(a) and 4(b). It is found that the average indium
concentration inside the entire quantum dot amounts to
around 20-25% and reaches up to almost 50% at its top.
Finally, the total material content in the wetting layer
and in the quantum dots (including the quantum rings) is
derived from the stoichiometry profiles shown in Figs. 3 and
4(b)." From an integration of the curves a local amount of
3.1 ML GaAs is found for the wetting layer. On the other
hand the total indium content inside the quantum dots is cal-
culated to be around 2 ML. Since about 24% of the growth
surface is covered with quantum dots or rings, as derived
from their lateral extension and their density, it results that
about 2.4 ML of the deposited arsenic is located inside the
wetting layer, and a total amount of about 0.5 ML indium is
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located in the quantum dots. The latter value nicely agrees
with the nominally deposited amount of 0.5 ML indium. As
there is no amount of indium left for the wetting layer, this
confirms the above assumption that the deposited amount of
indium is only located inside the nanostructures.

These material compositions of the wetting layer and
the quantum dots are further supported by the graph in Fig.
4(b). If phosphorous was inside the quantum dots, the scale
bar for the indium concentration x would shift to lower lat-
tice parameters, resulting in an indium content within the
quantum dots even higher than the nominal amount of depos-
ited indium material of 0.5 ML. This consideration addition-
ally confirms that no phosphorous can be present within the
quantum dots. The lack of indium material inside the wetting
layer for this material system again shows the occurrence of
an intense lateral material transport from the wetting layer
into the quantum dots during Stranski-Krastanov growth,
which is already well-known for In(Ga)As/GaAs (Refs. 11,
14, and 20) and also for GaSb/GaAs.”!

Since the remaining group-III material in the quantum
dots can only be gallium, the total GaAs material within the
quantum dots is derived using average quantum-dot heights
of 9—10 ML, resulting in 7-8 ML GaAs inside the quantum
dots and therewith a GaAs content corresponding to an
amount of about 1.§ ML. Together with the GaAs amount
within the wetting layer, a total GaAs incorporation of about
4.1 ML can be derived, which is in good agreement with the
nominally deposited amount of 4.5 ML.

In conclusion, the atomically resolved XSTM data on
the InGaAs/GaAs/GaP material system demonstrate that
intense material-redistribution effects occur during growth:
The subsequently deposited GaAs and InGaAs layers are not
found to be incorporated separately, but they intermix. An
evaluation of both the XSTM image contrast and the local
stoichiometry showed that the nanostructures consist of
InGaAs and contain the whole amount of deposited indium
material, while the surrounding wetting layer consists of
inhomogeneously distributed GaAsP without any indium.
The quantum dots exhibit a so-called reversed-cone stoichio-
metric profile of InGaAs, while the wetting layer laterally
decomposes into areas which are more GaAs-rich and more
GaP-rich. The resulting larger quantums dots transform into
quantum rings, and both together have a relatively high den-
sity of 2.4 x 10" ecm™2.
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