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In this work we extend the droplet epitaxy growth technique to the fabrication of low density InAs
quantum dots (QDs) on GaAs (001) substrates with control in size, energy emission, and top surface
location. In particular, depending on the amount of InAs material deposited, it has been possible
to tune the QD energy emission over a range of 1.12-1.40 eV while keeping constant the
nanostructures density at 2 X 108 cm™2. Moreover, the capping growth process of these QD shows
mounding features that permit their spatial identification once embedded by a GaAs capping
layer. © 2008 American Institute of Physics. [DOI: 10.1063/1.3021070]

Semiconductor quantum dots (QDs) show high potential
as active elements in the fabrication of devices in the quan-
tum information technology field."” Devices as triggered

sources of single photons3 or entangled photon pairs1 have
been recently achieved using these nanostructures. Further-
more, by embedding them within a photonic crystal micro-
cavity, particular quantum nature by means of strong cou-
pling related phenomena is starting to be tackled.”> An
essential requisite in these experiments is to ensure an effec-
tive coupling between the cavity modes and the emission of
a single QD. In this sense, the fabrication technology re-
quires the formation of nanostructures with simultaneous
control of size (emission wavelength) and surface location.”

As it is well known, self-assembling processes during
epitaxial growth provide random distributions of QD with
high optical quality. However, the simultaneous control of
density and size is not straightforward.4 A feasible approach
to overcome all these inherent constraints is the use of pre-
patterned substrates where fabricated motives provide pref-
erential sites for the posterior nucleation of QD.”® The tech-
nological processes involved in these approximations
generally cause a decrease in the nanostructures optical emis-
sion. This inconvenient is avoided in a natural way if the
patterning process is carried out in an in situ context.” !
Recent results have shown the droplet epitaxy growth tech-
nique as an in situ lithographic tool for the fabrication of low
density nanoholes on GaAs substrates.'™'" In particular,
these nanoholes act as nucleation centers for the formation of
QD showing excellent optical properties at the single nano-
structure level.

In this work, we extend this growth procedure in order to
tune the QD size (emission wavelength), maintaining the to-
tal density of nanostructures at low values of 2 X 108 cm™2.
Furthermore, we also demonstrate a direct correspondence
between the surface mounds formed during the capping
growth process and the buried QDs which would permit a
direct surface localization of one active nanostructure. All
together, these results mean an advance in those technologies
involved in the fabrication of quantum optoelectronics de-
vices, for which one isolated QD of designed emission wave-
length located at a specific site is a necessary requirement.

The experimental procedure starts growing a 0.5 um
thick undoped GaAs buffer layer at a growth rate
r,=0.5 ML/s, As, beam equivalent pressure (BEP) of
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2X107% Torr, and substrate temperature 7,=580 °C on
GaAs (001) substrates by molecular beam epitaxy (MBE).
The root mean square roughness of this surface is typically
0.24 nm. T is then decreased to 500 °C and the nanohole
template formation process is performed. As previously re-
ported it consists of a two-step process where initially the Ga
droplets are formed by the periodically opening of Ga
(r,GaAs=0.5 ML/s) and As shutters, and finally, they are
annealed under As atmosphere for 6 min at BEPAS4=5
X 1077 Torr."

In this work, during this last annealing step, In cell is
opened for QD formation inside the nanoholes. Once the
desired amount of In is deposited, the process is maintained
providing only As, to complete the total time of 6 min. We
varied the opening time of In cell to grow 1.1, 1.3, 1.5, and
1.7 ML of InAs (r,=0.01 ML/s). After this step, the formed
nanostructures are finally annealed under As, flux for 1 min
at T,=510 °C and BEP of 5X 1077 Torr. Atomic force mi-
croscopy (AFM) measurements were carried out on these
samples for QD topographic information.

For photoluminescence (PL) emission studies, a 85 nm
thick GaAs cap layer is grown at r,=0.5 ML/s. The initial
15 nm are grown at 7,=510 °C under As, at BEPAs,
changing from 5X 1077 to 9 X 10~ Torr and the final 70 nm
at typical GaAs growth conditions of 7,=580 °C and
BEPAs,=2X 107 Torr. The PL measurements were per-
formed at 7=30 K with a standard setup using a frequency-
doubled Nd doped yttrium aluminum garnet laser (A
=532 nm) as the excitation source with a spot diameter of
approximately 200 um.

In order to study the cap layer surface morphology and
its possible correlation with the buried nanostructures, a
similar sample as the above described with 1.4 ML of InAs
deposited at the nanoholes was covered by a thinner GaAs
cap layer of 25 nm. Similar to the PL samples this cap layer
was initially grown (3 nm) at 7,=510 °C under As, at
changing BEPAs, from 5X 1077 to 9X 107 Torr and fol-
lowed by an eventual 22 nm thick layer at typical MBE
GaAs growth conditions. An identical sample but with the
deposition of 1.4 ML of InAs on the top surface was also
grown.

The AFM topography in Fig. 1(a) shows the nanoholes
template formed after arsenization of Ga droplets without
any In deposition. The structures obtained, with a density of
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FIG. 1. (Color online) (a) 2.5X5 um? AFM micrograph showing a GaAs
nanoholes template performed by droplet epitaxy technique. The inset shows
a detailed three-dimensional image of a nanohole. (b) Nanohole template
diameter distribution. (c) Nanohole template depth distribution.

2Xx10% cm™, show an elongated structure formed by two
lobes that surround a central nanohole. Figures 1(b) and 1(c)
show the nanohole diameter and the depth size distribution
referred to as the flat surface plane. It can be observed a
single distribution, centered at h=4.4=*=0.7 nm, for the
nanohole depth and a bimodal distribution, measured by two
Gaussian line-shape fit, centered at D;=95%*5 nm and
D,=110%£9 nm for the nanohole diameter. These results
suggest an initial Ga droplet bimodal distribution that devel-
ops into nanoholes with similar depths but with a clear bi-
modal distribution of diameters.

The AFM images in Figs. 2(a) and 2(b) show the result
of depositing 1.3 and 1.7 ML of InAs on the nanoholes tem-
plate, respectively. We observe in Fig. 2(a) a bimodal size
distribution in the QD nucleated at the nanoholes (labeled in
the figure as QD4 and QDjg). The bimodal distribution pre-
viously observed for the diameter of the nanoholes could
lead to this situation. Accordingly, the nanoholes with
smaller diameters would lead to QD protruding from the
nanoholes (QD, family); while larger nanoholes would lead
to QD with a height that hardly surpass the surface level
(QDg family). The total average density of nanostructures,
QD, and QDg, is the same as the initial nanoholes density,
p=2x10% cm™.

Figure 2(b) corresponds to the deposition of 1.7 ML of
InAs, the critical value for QD formation on a flat substrate.
A higher density of QD (p=2X10° cm™) is observed, in-
volving QD nucleation both inside and outside the nano-
holes. The QD formed at the nanoholes have typically
diameters ®=55.8*1.5 nm and height #=20.3*1.0 nm
referred to the flat surface plane while those nucleated sur-
rounding the nanoholes show a broader size distribution with
mean values of ®=36.2*+5.9 nm and 4=10.3*=2.9 nm.

Figure 2(c) shows the normalized nanostructures PL
emission at excitation power of 0.5 mW for 1.1, 1.3, 1.5, and
1.7 ML (blue, green, red, and black lines, respectively) of
InAs deposited over the nanoholes template. In the case of
1.1 ML of InAs a single and broad peak [full width at half
maximum (FWHM)=47 meV] centered at 1.385 eV is ob-
served. For 1.3 ML of InAs two emission peaks are obtained
at 1.25 eV (FWHM=33 meV) and 1.379 eV (FWHM
=31 meV). Two emission peaks are alsc obtained at 1,19 eV
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FIG. 2. (Color online) (a) 2X2 um? AFM micrograph showing the
nanoholes template after growing 1.3 ML of InAs. (b) 2X2 um? AFM
micrograph showing the nanoholes template after growing 1.7 ML of InAs.
(c) PL spectra after growing 1.1, 1.3, 1.5, and 1.7 ML of InAs on the
nanoholes template. (d) AFM profiles showing the filling of the GaAs nano-
hole from the initial empty state to the nucleation of 1.1, 1.3, 1.5, and 1.7
ML of InAs.

(FWHM=44 meV) and 1.367 eV (FWHM=31 meV) for
1.5 ML of InAs deposited.

In the case of 1.1 ML of InAs, the broad PL emission
observed would reflect the broad size distribution of initial
nanoholes. However, a direct correlation between the size of
the nanoholes and QD is not possible as no protruding QD
were observed (AFM results not shown). On the other hand,
according to the previous topographic images [Fig. 2(a)], the
pair of PL peaks observed in the spectra for 1.3 and 1.5 ML
of InAs would, respectively, correspond to the emission of
QDg (peak at higher energies) and QD, (peak at lower
energies).

For 1.7 ML of InAs deposited, we also observe two main
PL peaks at 1.12 and 1.18 eV (FWHM=27 and 117 meV,
respectively). According to the AFM image shown in Fig.
2(b) and the QD size distributions obtained, they can be as-
cribed to QD formed inside and outside of the nanoholes. In
this case, all the QDs in the nanoholes protrude, QD, type,
as the filling of the nanoholes is large enough.

Thus, focusing on the situation where QD are formed at
the nanoholes, QD, and QDg, we observe a clear depen-
dence on the emission energy of the two QD families with
the amount of InAs material deposited. The close correlation
between PL results and size of the QD is further illustrated in



183106-3

Alonso-Gonzalez et al.

FIG. 3. (Color online) (a) 5X5 um? derivative AFM micrograph showing
the surface after capping the InAs nanostructures with a 25 nm thick GaAs
buffer layer. The inset shows a detailed 1 X 1 um? zoom of this image. (b)
5X5 pum? derivative AFM micrograph showing the surface in (a) after the
growth of 1.4 ML of InAs. The inset shows a detailed 1 X 1 um? zoom of
this image. White circles surround the InAs nucleus formed on top of the
mounds.

Fig. 2(d), showing the height profiles across the QD formed
at the nanoholes with emission at lower energies (QD, cor-
responding to 1.3, 1.5, and 1.7 ML of InAs). The profiles of
a QD formed at a nanohole in the case of 1.1 ML (QDg) and
of an initial nanohole are also represented for comparison. In
the case of 1.7 ML of InAs deposited the profile of QD
surrounding the original nanohole is also shown. We observe
that these QDs are slightly smaller than QD, corresponding
to 1.3 ML of InAs (measured from bottom of the nanohole).
In spite of that, their PL emission peak is centered at lower
energy. We want to notice that during InAs deposition, both
In and Ga adatoms are filling the nanoholes.’ Accordingly,
QD, formed at the nanoholes would have a greater Ga con-
tent than those formed around the nanoholes. A qualitative
idea of the difference in composition of both kinds of QD
can be extracted from the PL peak energy. Assuming for
simplicity that QDs formed around the nanoholes are 100%
InAs and using a linear interpolation of the band gap energy,
a Ga content of 20% for QD, (formed at the nanoholes) is
obtained.

When these QD are capped, we observe (AFM images
not shown) that the resulting surface shows mounds all over
it. If these mounds had its origin in the buried strained nano-
structures, the propagation of strain through the cap layer
would provide preferential nucleation sites for the growth of
the next InAs nanostructures. In order to prove this assump-
tion, we have grown samples with 25 nm thick GaAs cap
layers where the strain effect would be much larger. The
AFM image in Fig. 3(a) corresponds to the surface of a 25
nm thick GaAs layer covering 1.4 ML of InAs deposited
over the nanoholes template. We observe mounds elongated

along the [110] direction that presents the same density ob-
tained for the initial buried nanostructures p=2Xx 10% cm?
[Fig. 1(a)]. Their typical dimensions are 700 nm in length,
150 nm in width, and 7 nm in height. Their origin could be
related to the shape evolution of the already elongated struc-
tures formed at the nanoholes during the earliest grown
monolayers of the cap layer.12 We have observed that this
surface morphology is propagated for cap layer thickness up
to 100 nm. However, we would expect that these mounds
will remain for thickness as large as desired using the appro-
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priate growth conditions, as those provided by atomic layer
MBE growth mode."

Assuming that these mounds are located on the strained
buried nanostructures, the InAs based nanostructures formed
on this surface would preferentially nucleate on top of the
mounds.'* Figure 3(b) shows the AFM image of an identical
sample to the previous one [Fig. 3(a)] but continuing the
growth process with the deposition of 1.4 ML of InAs. No-
tice that the amount of InAs deposited is far from the critical
for QD formation (1.7 ML) on a flat surface. This means that
we would not expect QD formation unless InAs growth is
enhanced at preferential sites of the surface. It can be ob-
served in the figure that an incipient InAs nanostructure ap-
pears on top of each mound (white circles) confirming their
direct correspondence with the buried nanostructures.

In conclusion, we have extended the droplet epitaxy
technique for growing In(Ga)As QD which emission wave-
length can be tuned in a wide range maintaining a total den-
sity of nanostructures lower than 2 X 108 cm™. Moreover,
the surface obtained after the capping growth process pre-
sents mounds that are directly correlated with the buried
nanostructures as proved by the posterior preferential growth
of InAs on top of them. These results are highly relevant for
quantum optic devices fabrication where low density nano-
structures with control in energy emission and exact surface
localization are optimal requirements.
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