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Reversing the shape transition of InAs/GaAs (001) quantum dots
by etching-induced lateral In segregation
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The shape evolution of epitaxially grown InAs/GaAs(001) quantum dots after the controlled removal of
material by an in sifu etching gas is investigated by atomic force and scanning tunneling microscopy. The
presence of {137} facets on the surface of partially etched quantum dots and the appearance of small two-
dimensional islands for long etching times indicate the reversal of the shape transition that occurs during
growth. This reversibility impressively confirms that both the growth process and the etching process are
dominated by thermodynamic factors. We find that the evolution of the quantum dots is not determined by
direct etching but is mainly caused by the etching of the wetting layer and the subsequent diffusion of In atoms
from the quantum dots onto the bare GaAs, thus rewetting the substrate.
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I. INTRODUCTION

Because of their potential applications in optoelectronics
and quantum computation,' self-assembled semiconductor
quantum dots (QDs) grown by lattice mismatched heteroepi-
taxy have been studied extensively over the last years. In
order to design QDs with specific properties, it is necessary
to achieve control over their size, density, shape and homo-
geneity. This requires a detailed understanding of both the
growth processes and possible postgrowth modification.
InAs/GaAs(001) is the most frequently used QD material
system as it is interesting for optoelectronic applications. Its
growth mode is of the Stranski-Krastanow type, where the
formation of three-dimensional (3D) islands proceeds after
the completion of a two-dimensional (2D) wetting layer
(WL). The shape of the 3D islands changes as their size
increases. For InAs QDs grown on GaAs(001) the early stage
of the 3D growth exhibits small flat platelets that at first
transform into shallow pyramidal islands and subsequently
into bigger islands of a higher aspect ratio when a critical
size is reached.>”” While the small islands (called pyramids)
consist of flat {137} facets, the bigger islands (domes) have
additional steeper facets of {101} and {111} type. This growth
transition raises the question whether a symmetric backward
transition occurs if material is removed from the fully devel-
oped QDs, as has been recently observed for SiGe islands on
Si(001).3

A controlled removal of material can be either achieved
by In desorption’ or by AsBry in situ etching.!® The former
possibility brings the disadvantage that high substrate tem-
peratures are required for In desorption. In contrast to that,
AsBrj in situ etching provides etching control on the atomic
scale without the need for high temperatures. For planar
structures, it occurs in a layer-by-layer fashion and the etch-
ing rate can be controlled by the flow of supplied etching
gas.'? Thus, it represents a flexible method for the controlled
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removal of material. The integration of in situ etching into
the growth process has been used to fabricate a large variety
of novel nanostructures, e.g., nanoholes,!! or GaAs/AlGaAs
QDs.!? For this purpose, etching rates of about 0.2
monolayers/s (ML/s) are used, which lead to etching condi-
tions typically far from thermodynamic equilibrium.

In our study we apply AsBrj in situ etching at low rates to
systematically change the size and shape of InAs/GaAs(001)
QDs. At the etching rate used here (~0.04 ML/s), which is
comparable to the In deposition rate during growth, our sys-
tem is closer to thermodynamic equilibrium. Atomic force
microscopy (AFM) and scanning tunneling microscopy
(STM) allow us to gain detailed insight into the shape evo-
lution of the islands. Thus, our study provides information on
the etching mechanism and the rearrangement of the atoms
on the surface. We find that the island size decreases much
faster than expected for a direct removal of InGaAs and that
the island shape changes during etching. We ascribe these
observations to In migration away from the islands as the
WL is being etched. The main driving force for this “lateral
segregation” is the tendency of InAs to wet the GaAs sub-
strate because of its lower surface energy.

II. EXPERIMENTAL

The nanostructures were grown on a GaAs(001) substrate
in a solid source molecular-beam epitaxy chamber equipped
with an AsBrj etching unit. After oxide desorption a 600 nm
thick GaAs buffer layer was grown at 610 °C in order to
provide a smooth surface for QD growth. The substrate tem-
perature was calibrated by observing the (2 X4) to c(4X4)
transition in the GaAs surface reconstruction monitored in
situ by the characteristic reflection high energy electron dif-
fraction pattern. Subsequently the substrate temperature was
lowered to 470 °C and 1.8 ML of InAs were deposited at a
growth rate of 0.008 ML/s and an As, beam equivalent pres-
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FIG. 1. (Color online) (a) AFM images of InAs/GaAs(001) is-
lands exposed for increasing time to in situ AsBrz etching. The
grayscale corresponds to a combination of surface height and slope
to enhance small scale details. (b) Scatter plot of the islands’ aspect
ratio (height divided by square root of the base area) versus island
volume extracted from 2 X2 um? AFM images for different etch-
ing times.

sure of 1.0 X 10~ mbar. After a growth interruption of 30 s,
AsBr; was introduced at a nominal etching rate of
~0.04 ML/s (for planar, unstrained InAs). Etching times of
0, 12, 16, and 20 s were used, followed by an immediate
cooling of the samples to room temperature to freeze the
surface morphology. Sample characterization was performed
by both AFM measurements under ambient conditions and
ultrahigh-vacuum (UHV) STM. An UHV suitcase was used
in order to transfer the samples into the STM without break-
ing the vacuum.

III. RESULTS AND DISCUSSION
A. Backward transformation of InAs islands

Figure 1(a) shows representative AFM images of the as-
grown and etched samples; the grayscale in these images
corresponds to a combination of the local surface height and
slope. As expected, with increasing etching time the dots
become smaller until they lose their well-defined shape and
only small 2D islands and small mounds remain on the sur-
face. Scatter plots, where the aspect ratio of individual dots
is plotted against their volume [see Fig. 1(b)], provide a
quantitative description of the shape transformation. These
plots were determined by analyzing large range AFM images
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FIG. 2. (a) STM images of InAs QDs etched for different etch-
ing times. (b) Facet plot corresponding to an STM image of a 12 s
etched sample. The main surface orientations are indicated. A struc-
tural model of a pyramid is also shown. (c) STM image of a 16 s
etched sample. The graph shows the profile of a 2D island along the
dashed line. The grayscale of the shown STM images corresponds
to a combination of surface height and slope.

(2X2 um?). The aspect ratio was calculated by dividing the
height by the square root of the area for each of the QDs.
AFM tip convolution effects might slightly overestimate the
exact island volumes and underestimate the aspect ratios but
their relative changes should not be significantly affected.
The as-grown islands are characterized by a typical bimodal
size distribution,>!3 which, however, changes to unimodal
upon etching [see Fig. 1(b)]. A similar but reverse transition
(unimodal to bimodal) is observed during growth.? In the
course of etching, the QDs shrink and change their shape
from high to low aspect ratio until they finally disappear. The
absence of islands with high aspect ratio on the etched
samples indicates that domes disappeared completely. Both
observations give a first indication that a backward shape
transition with respect to the growth process takes place dur-
ing etching. In addition to their size reduction, the islands

become elongated in the [110] direction [see Fig. 1(a)].
While the AFM images provide insight into the size dis-
tribution of a larger ensemble of islands, the analysis of
single islands by means of STM offers the possibility to gain
direct information on their shape. Figure 2(a) shows STM
images of the QDs after etching times of 0, 12, and 16 s,
respectively. The as-grown sample reveals the presence of
domes with the typical multifaceted shape with steep {101}
and {111} facets.” After an etching time of 12 s the steep
facets disappear and the islands seem to be much flatter. In
order to obtain quantitative information on the shape of the
islands we make use of the so-called facet plot (FP) that
represents a two-dimensional histogram of the local surface
gradient.'*!> Figure 2(b) shows the FP of an STM image of
a sample that was etched for 12 s. The intensity is enhanced
at four different positions close to those expected for {137}
facets. No steeper facets are visible, making the FP in Fig.
2(b) very similar to the typical FP of a pyramidal island.”
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FIG. 3. (a) Evolution of QD height as a function of the nominal
etching depth. The data points represent average values obtained
from the analysis of several AFM images; the error bars show the
corresponding standard deviation. The straight line is a linear fit to
the experimental data. The dashed and dotted lines illustrate the
expected height evolutions if the etching occurred layer-by-layer or
from the QDs only, respectively. (b) Schematic illustration of the
etching mechanism: the etching of the WL (1, 2) drives In away
from the islands to rewet the surface (3) and produces the observed
island size reduction (4).

These facets are not as well defined as for the pyramids that
develop during growth. This could be due to a strong redis-
tribution of material that occurs during the etching process.
The reason for this material rearrangement will be explained
later in detail. Figure 2(a) shows that further etching (etching
time of ~16 s) results in an irregular island shape and the
disappearance of the {137} facets. This is not surprising since
precursors of InGaAs pyramids can also be expected to be
partially unfaceted, similar to the SiGe/Si(001) case.'® All
the etched samples, particularly the 16 and 20 s ones, reveal
the presence of small 2D islands only a few monolayers high
[see Fig. 2(c)]. It has been reported that the 3D island growth
starts from such small platelets,'”'® which thus represent the
early precursors of pyramids during the growth process. That
means that the surface morphology after long etching is simi-
lar to what can be observed directly before the 2D to 3D
transition during growth. Thus, the results in Fig. 2 strongly
indicate that a low etching rate leads to an island shape evo-
lution that resembles the reversal of the growth process.

B. Indirect material removal by lateral In diffusion

For a more detailed understanding of how the material
removal occurs, we compare the size evolution of the dots
with the nominal amount of etched material. Since the vol-
ume of the dots, as determined by the AFM images, is not
very accurate because of the tip convolution, we revert to the
much more reliable measurement of the height of the islands.
For this reason we measured the evolution of the average
height as a function of the nominal amount of etched InAs by
analyzing several AFM images for each etching time [Fig.
3(a)]. After 20 s the average island height is less than 1 nm,
which means that the islands have almost disappeared. Al-
though one would clearly expect that the QDs’ height de-
creases with the etching time, the measured height reduction
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is much larger than what would be derived if the material
was etched uniformly all over the surface [dashed line in Fig.
3(a)]. For example after etching for 20 s at a rate of 0.04
ML/s the total amount of material removed is 0.8 ML. If
this was taken uniformly from the whole surface, the height
of the QDs should have reduced by less than 1 ML, while
the actual measured height reduction is almost 7 nm
(~20 ML). Thus, the experimental data cannot be explained
by a uniform, layer-by-layer removal of the material. On the
other hand, the measured height reduction fits better to a
scenario where the whole amount of material is taken exclu-
sively from the QDs, even if these occupy approximately
only 10% of the surface (QD density ~75 wm~). In fact, by
assuming a simplified cone shaped geometry for the islands
this model would result in a height reduction of ~8 nm after
20 s, which is quite close to what is observed [dotted line in
Fig. 3(a)].

In order to identify the origin of this drastic height de-
crease, we consider the relevant mechanisms which might
take place during the etching process. The etching step goes
along with an additional growth interruption that might result
in In desorption and intermixing. Since we use a low sub-
strate temperature and the etching times are comparatively
short, the amount of desorbed In is more than an order of
magnitude smaller than the material removed during
etching.!®?® Moreover, the short etching times also prevent
strong intermixing.?!

Thus desorption and intermixing cannot be considered to
play a key role during etching and we must focus on the
reaction of AsBr; with Ga and In surface atoms and on their
subsequent desorption. Different factors have to be taken
into account in the interaction between the etching gas and
the substrate. First, the etching is slightly material- and
strain-selective [the etching rate of pure InAs is approxi-
mately 1.3 times as high as the one for GaAs (Ref. 10) and
strain-enhanced etching was argued in Ref. 11], but this can-
not properly explain the above mentioned massive size re-
duction of the dots. Second, considering that the WL is very
thin compared to the dots (about 1 ML after dot formation)
we would expect the WL to be removed almost completely
after 20 s etching. However, STM images of the planar sur-
face far away from the QDs are still characterized by a typi-
cal In-rich 3 X n reconstruction and also photoluminescence
(PL) measurements still show the characteristic peak of the
WL even after 20 s etching (data not shown). Furthermore,
the PL peak ascribed to the QDs disappeared prior to the
disappearance of the WL peak. Thus, we conclude that the
progressive removal of material from the WL is accompa-
nied by In migration from the QDs onto the bare substrate to
compensate for the In depletion [see Fig. 3(b)]. Because of
the lower surface energy of InAs with respect to GaAs, this
latter process lowers the free energy of the system and, as a
consequence, the dots start to shrink. Since the etching oc-
curs at a low rate, i.e., sufficiently close to thermodynamic
equilibrium, the shape transition of the QDs is reversed. A
similar process, i.e., wetting of the GaAs surface by InAs
provided by islands, has been discussed also by Wang et al.??
in the case of islands which are annealed after partial capping
with GaAs. With this approach, which is used to adjust the
height of dots after their growth,?3?* the lack of a WL of the
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partially covered islands leads to their dissolution in favor of
the formation of a new WL. This means that the WL cannot
be removed by in situ etching in presence of QDs, even if its
thickness is much smaller than the QD height.

Finally, the strong material redistribution described above
might also be the reason for the observed elongation of the
islands (due to anisotropic diffusion of In atoms), the in-
crease in their base in the [110] direction and an enhanced
alloying. In fact, once In atoms have left the QDs’ top, they
might redeposit together with Ga at the base of the islands.?
We note that our findings could also be used as an alternative
explanation for similar experiments performed at higher
AsBr; etching rates.!!

IV. CONCLUSIONS

In summary, using in situ etching we have investigated
the evolution of InAs/GaAs(001) QDs grown by molecular-
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beam epitaxy. By means of scanning probe techniques we
were able to observe indications of a backward transition of
the growth process. The study of the islands’ height evolu-
tion demonstrates that the net effect of the etching is a mi-
gration of In away from the QDs in order to maintain an
In-rich wetting layer onto the GaAs substrate. This shows
that the removal of the wetting layer is the driving force for
the reverse shape transition of self-assembled QDs.

ACKNOWLEDGMENTS

The authors would like to thank J. Tersoff for helpful
discussions and S. Olthof for the realization of the UHV
suitcase. This work was financially supported by the BMBF
(Grant No. 01BM458) and the DFG (Grant No. FOR730).

*t.lutz@fkf.mpg.de

'J. Stangl, V. Holy, and G. Bauer, Rev. Mod. Phys. 76, 725
(2004).

21. Mukhametzhanov, Z. Wei, R. Heitz, and A. Madhukar, Appl.
Phys. Lett. 75, 85 (1999).

3P. Kratzer, Q. K. K. Liu, P. Acosta-Diaz, C. Manzano, G. Cos-
tantini, R. Songmuang, A. Rastelli, O. G. Schmidt, and K. Kern,
Phys. Rev. B 73, 205347 (2006).

4M. C. Xu, Y. Temko, T. Suzuki, and K. Jacobi, J. Appl. Phys. 98,
083525 (2005).
SE. Patella, S. Nufris, F. Arciprete, M. Fanfoni, E. Placidi, A.
Sgarlata, and A. Balzarotti, Phys. Rev. B 67, 205308 (2003).
6J. Marquez, L. Geelhaar, and K. Jacobi, Appl. Phys. Lett. 78,
2309 (2001).

7G. Costantini, A. Rastelli, C. Manzano, R. Songmuang, O. G.
Schmidt, K. Kern, and H. von Kénel, Appl. Phys. Lett. 85, 5673
(2004).

8 A. Rastelli, M. Stoffel, J. Tersoff, G. S. Kar, and O. G. Schmidt,
Phys. Rev. Lett. 95, 026103 (2005).

9H. Lee, R. R. Lowe-Webb, W. Yang, and P. C. Sercel, Appl.
Phys. Lett. 71, 2325 (1997).

10H, Schuler, T. Kaneko, M. Lipinski, and K. Eberl, Semicond.
Sci. Technol. 15, 169 (2000).

I'H, Schuler, N. Y. Jin-Phillipp, F. Phillipp, and K. Eberl, Semi-
cond. Sci. Technol. 13, 1341 (1998).

12 A Rastelli, S. Stufler, A. Schliwa, R. Songmuang, C. Manzano,

G. Costantini, K. Kern, A. Zrenner, D. Bimberg, and O. G.
Schmidt, Phys. Rev. Lett. 92, 166104 (2004).

3H. Saito, K. Nishi, and S. Sugou, Appl. Phys. Lett. 74, 1224
(1999).

14M. A. Lutz, R. M. Feenstra, P. M. Mooney, J. Tersoff, and J. O.
Chu, Surf. Sci. 316, L1075 (1994).

15 A. Rastelli and H. von Kinel, Surf. Sci. 515, L493 (2002).

16 A Rastelli and H. von Kinel, Surf. Sci. 532, 769 (2003).

17C. Priester and M. Lannoo, Phys. Rev. Lett. 75, 93 (1995).

18S. 0. Cho, Z. M. Wang, and G. J. Salamo, Appl. Phys. Lett. 86,
113106 (2005).

198, Kiravittaya, Y. Nakamura, and O. G. Schmidt, Physica E 13,
224 (2002).

20C. T. Foxon and B. A. Joyce, J. Cryst. Growth 44, 75 (1978).

21T, Kaizu, M. Takahasi, K. Yamaguchi, and J. i. Mizuki, J. Cryst.
Growth 301, 248 (2007).

22L. G. Wang, P. Kratzer, M. Scheffler, and Q. K. K. Liu, Appl.
Phys. A 73, 161 (2001).

23]. M. Garcfa, G. Medeiros-Ribeiro, K. Schmidt, T. Ngo, J. L.
Feng, A. Lorke, J. Kotthaus, and P. M. Petroff, Appl. Phys. Lett.
71, 2014 (1997).

24L. Wang, A. Rastelli, and O. G. Schmidt, J. Appl. Phys. 100,
064313 (2006).

23G. Costantini, A. Rastelli, C. Manzano, P. Acosta-Diaz, R. Song-
muang, G. Katsaros, O. G. Schmidt, and K. Kern, Phys. Rev.
Lett. 96, 226106 (2006).

205414-4


http://dx.doi.org/10.1103/RevModPhys.76.725
http://dx.doi.org/10.1103/RevModPhys.76.725
http://dx.doi.org/10.1063/1.124284
http://dx.doi.org/10.1063/1.124284
http://dx.doi.org/10.1103/PhysRevB.73.205347
http://dx.doi.org/10.1063/1.2076431
http://dx.doi.org/10.1063/1.2076431
http://dx.doi.org/10.1103/PhysRevB.67.205308
http://dx.doi.org/10.1063/1.1365101
http://dx.doi.org/10.1063/1.1365101
http://dx.doi.org/10.1063/1.1829164
http://dx.doi.org/10.1063/1.1829164
http://dx.doi.org/10.1103/PhysRevLett.95.026103
http://dx.doi.org/10.1063/1.120062
http://dx.doi.org/10.1063/1.120062
http://dx.doi.org/10.1088/0268-1242/15/2/316
http://dx.doi.org/10.1088/0268-1242/15/2/316
http://dx.doi.org/10.1088/0268-1242/13/11/001
http://dx.doi.org/10.1088/0268-1242/13/11/001
http://dx.doi.org/10.1103/PhysRevLett.92.166104
http://dx.doi.org/10.1063/1.123506
http://dx.doi.org/10.1063/1.123506
http://dx.doi.org/10.1016/0039-6028(94)91208-4
http://dx.doi.org/10.1016/S0039-6028(02)01998-2
http://dx.doi.org/10.1016/S0039-6028(03)00480-1
http://dx.doi.org/10.1103/PhysRevLett.75.93
http://dx.doi.org/10.1063/1.1883709
http://dx.doi.org/10.1063/1.1883709
http://dx.doi.org/10.1016/S1386-9477(01)00525-2
http://dx.doi.org/10.1016/S1386-9477(01)00525-2
http://dx.doi.org/10.1016/0022-0248(78)90330-5
http://dx.doi.org/10.1016/j.jcrysgro.2006.11.068
http://dx.doi.org/10.1016/j.jcrysgro.2006.11.068
http://dx.doi.org/10.1007/s003390100854
http://dx.doi.org/10.1007/s003390100854
http://dx.doi.org/10.1063/1.119772
http://dx.doi.org/10.1063/1.119772
http://dx.doi.org/10.1063/1.2349432
http://dx.doi.org/10.1063/1.2349432
http://dx.doi.org/10.1103/PhysRevLett.96.226106
http://dx.doi.org/10.1103/PhysRevLett.96.226106

