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ABSTRACT: We demonstrate nanohole formation in AlGaSb by Ga droplet etching within a temperature range from 270 to 500
°C, allowing a wide range of tunability of the nanohole density. By leveraging the low vapor pressure of Sb, we can obtain a high
degree of control over droplet formation and nanohole etching steps and reveal the physics of adatom diffusion in these processes.
Furthermore, by combining the experimental results and a geometric diffusion-based model, we can determine the temperature and
Sb-flux dependencies of the critical monolayer coverage of Sb atoms required for driving the droplet etching process to completion.
These findings provide new insight into the droplet formation and etching process present in the droplet-mediated synthesis of
semiconductor nanostructures and represent a significant step toward development of telecom-emitting quantum dots in the GaSb
system.

Semiconductor quantum dots (QDs) embedded in a single-
crystalline host matrix are important building blocks of

emerging quantum technologies based on nonclassical light
sources, such as single- or entangled-photon emitters.1,2 Such
quantum nanostructures can be fabricated by several techniques
including Stranski−Krastanov growth,3,4 droplet epitaxy,5−7

growth inside pyramidal holes,8 vapor−liquid−solid growth in
nanowires,9 and filling of nanoholes formed by local droplet
etching (LDE).10 The LDE approach is particularly interesting
due to its advantages which include narrow exciton line
widths,11 extremely small inhomogeneous broadening,12 bright
single-photon emission,13 and vanishing fine structure split-
ting.14 These properties have enabled the use of GaAs QDs
grown by filling LDE nanoholes in nonclassical light sources
providing state-of-the-art performance in terms of photon
indistinguishability and entanglement.13,15 However, the
operation of the light sources based on LDE is restricted to
the 680−780 nm spectral range11 due to the limited direct band
gap range of (Al)GaAs alloys. While LDE of AlAs, GaAs, and
AlGaAs with Al,10 Ga,16−21 and In22−25 droplets has been
investigated in detail and the controllable formation of QDs by
filling the nanoholes is well-known for the arsenide alloys, the
knowledge on droplet etching in the InP- and GaSb-based
materials is more limited, mostly covering self-running droplets
and reactions with In droplets under As-flux.26−30 Furthermore,

there is no known methodology for forming strain-free QDs by
filling droplet-etched nanoholes in these alloy systems which
would provide suitable band gaps for accessing the technolog-
ically important telecom wavelengths31 and silicon photonic
integration.32 The first step toward this direction is to obtain
nanoholes with controllable density and shape.
GaSb-based materials are particularly interesting candidates

for quantum photonic applications due to several beneficial
properties: (i) the direct band gap of GaSb is 0.73 eV,33 which is
suitable in terms of QD emission at the telecom C-band; (ii)
AlGa(As)Sb alloys provide very high refractive index contrast34

(exceeding that of AlGaAs), which is important for constructing
photonic devices; and (iii) the lattice mismatch between GaSb-
based materials and dissimilar substrates can be relaxed right at
the first interface by formation of a network of 90°
dislocations35,36 and exploitation of nucleation layers,37 which
is particularly useful considering direct growth of QD emitters
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on silicon waveguides for chip-level quantum photonic
integration. This technological potential, as well as the general
aim for advancing the fundamental understanding of the
important metal droplet-mediated processes in semiconductor
materials, makes antimonides an extremely interesting subject
for studying LDE.
In this Communication, we present highly controllable

etching of nanoholes in Al0.3Ga0.7Sb surfaces using Ga droplets.
We show that LDE can be achieved at the temperature range
from 270 to 500 °C, resulting in an almost 3 orders of magnitude
change in the nanohole density and that a remarkable control of
the nanohole formation can be achieved by precise calibration of
the amount of Sb provided for the LDE process. The low vapor
pressure of Sb allows controlling the group V flux deterministi-
cally with the needle valve of the cracker source unlike in the case
of the arsenide system where low As-fluxes required for LDE are
provided by flux switch-off transients and indirect As-fluxes.38

This enables assessment of the critical amount of Sb required for
the nanohole formation process at different temperatures.
The samples were fabricated on n-GaSb(100) substrates

using a molecular beam epitaxy (MBE) system equipped with
effusion sources for the group III elements while Sb was
provided by a valved cracker source. Following a thermal
treatment and growth of a GaSb buffer layer, a 100 nm thick
Al0.3Ga0.7Sb layer was grown at 500 °Cusing Ga- and Al-fluxes of
JGa = 0.7 monolayer/s (ML/s) and JAl = 0.3 ML/s, respectively.
The samples were then set to target pyrometer temperatures
between 270 and 500 °C for the Ga droplet deposition and LDE.
The droplets were formed by Ga deposition with JGa = 0.7ML/s.
For both the Ga deposition and LDE, the Sb-flux JSb was set to a
predetermined value ranging from 0 to 0.067 ML/s by carefully
adjusting the Sb-valve opening. JSb was calibrated to true atomic
flux by depositing a bulk Sb film on GaSb at low temperature
(<40 °C) and calculating the equivalent JSb based on the film
thickness and deposition time assuming unity sticking
coefficient. All fluxes and deposited coverages are defined in
ML/s and ML, respectively, where the Sb coverage θSb = 1 ML
corresponds to the number of Sb atoms required for the

formation of 1 ML of stoichiometric GaSb and similarly for the
Ga coverage θGa.
The LDE begins with the formation of droplets on the AlGaSb

surface by Ga deposition. Typically, this step is carried out in a
small group V background.38 In our case, the same value of JSb,
set by the needle valve, was used for droplet formation and for
the subsequent etching step. The droplet formation is preceded
by saturation of the surface reconstruction with Ga atoms;5 thus,
the droplet formation begins after θGa exceeds a critical coverage
θc,Ga. The droplet growth is terminated by switching off the Ga-
flux. The sample is subsequently annealed in a small group V
flux, which in case of III−As materials is provided by the residual
As-flux remaining in the MBE system after closing the As needle
valve.38 In the case of Sb, we can control these small fluxes using
the needle valve because of the low vapor pressure of Sb and the
lack of indirect Sb-fluxes. This enables precise and repeatable
control of the group V flux, which plays an important role in
LDE. The Sb atoms from the vapor phase are dissolved in the Ga
droplet, which causes nucleation at the triple-phase line (TPL)
where the vapor, liquid, and solid phases meet. During this
kinetic process, Sb atoms from the solid material below the
droplet are dissolved in the liquid, which enables further
nucleation. As a result of the TPL nucleation, the droplet size
decreases, and at the same time it drills a hole in the
semiconductor surface and creates a ring of solid material
which is formed by the Ga atoms from the droplet together with
the Sb from the vapor phase and from the substrate. The second
role of Sb is to form an Sb-terminated surface surrounding the
droplets. The resulting gradient in the surface chemical potential
acts as a driving force for the diffusion of Ga atoms away from the
droplet and causes layer-by-layer growth of GaSb within the
diffusion length of Ga around the droplet. These steps of the
LDE process are presented in Figure 4a and discussed in detail in
the text.
Figure 1 presents the AlGaSb surface morphologies after

droplet formation and LDE at 500 °C. From Figure 1a−d, it is
evident that the total amount of Sb atoms impinging the surface
during the LDE process is a crucial parameter. With θSb = 0

Figure 1. Atomic force microscope (AFM) images showing the effect of Sb coverage θSb on the nanohole etching process at 500 °C after deposition of
3.2ML of Ga. In panels a−d, the etching time is kept constant at 180 s and θSb is adjusted by setting the Sb-flux (JSb) to 0, 0.011, 0.030, and 0.063ML/s,
respectively. In panels e−g, JSb = 0.030 ML/s and θSb is adjusted by setting the etching time to 72, 180, and 360 s, respectively. The scale bars in panels
a−g are 2 μm. The insets in panels a, b, and e show scanning electron microscopy (SEM) images and in panels e−g, AFM close-ups of typical droplets/
nanoholes. The scale bars in the insets are 200 nm.
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(Figure 1a), we observe metallic Ga droplets which have just
slightly reacted with the solid surface during the 180 s annealing
time. With θSb = 2.0 ML (Figure 1b), the metallic droplets
remain, but their height is reduced significantly. At θSb = 5.4 ML
(Figure 1c) some of the holes are completely etched while some
still contain a small liquid droplet. At this point the ring caused
by the TPL nucleation is already clearly visible. Finally, at θSb =
11.3 ML, all holes are completely etched and there is no sign of
liquid Ga. The final nanohole morphologies are similar to what
has been observed for (Al)GaAs etching with Ga and Al
droplets.10,16−19 Similar intermediate and final morphologies are
observed also in Figure 1e−g, where θSb is adjusted by changing
the annealing time with constant JSb. There is clearly a critical
value for θSb that is needed for consuming the liquid droplet and
completing the LDE process. In the case of Figure 1, it is
approximately 5.4 ML.
Figure 2 presents the results of LDE at different temperatures,

showing that nanoholes can be successfully formed by LDE
throughout the temperature range from 270 to 500 °C with
some important temperature dependencies in the morphology.
The resulting morphologies for temperatures ranging from 353
to 500 °C are nanoholes surrounded by a single ring and a disc.
However, concentric rings are observed at the lowest temper-
ature of 270 °C. These ring structures are similar to the ones
formed during Ga droplet crystallization on AlGaAs by
controlling the diffusion process with As.20,21,39 It is also evident
from Figure 2 that the density increases with decreasing
temperature as expected from the thermally activated diffusion
during droplet formation.5 Consequently, the deposited 3.2 ML
of Ga is divided between a larger number of droplets, thus
causing a decrease of the hole size and depth as a result of a
reduction in the droplet volume. Furthermore, the size of the
disc formed by layer-by-layer growth around the droplet
decreases as the temperature is decreased. Just like the droplet
formation, the diffusion of Ga atoms away from the droplet
during LDE is a thermally activated diffusion process, but it
should be noted that the energetics of these two processes are
different due to the differences in the surface chemistry.
The density of the nanoholes shown in Figure 2 is plotted as a

function of growth temperature in Figure 3, which shows nearly
3 orders of magnitude increase in the density when the
temperature is deceased from 500 to 270 °C, ranging from

ultralow densities in the 106 cm−2 range to 2 × 109 cm−2. The
measured density values exhibit linear behavior on a semi-
logarithmic scale for the higher temperatures, while the density
value of the two lowest growth temperatures deviate from this
trend. According to the phase diagram of the GaSb surface by
Bracker et al.,40 the surface reconstruction of a GaSb surface is (1
× 3) in the high temperatures but changes to (2 × 5) when the
temperature is decreased, with the transition temperature
depending on the Sb beam pressure. As explained in the
Supporting Information (SI), we find that θc,Ga = 1.15ML for the
growth at 500 °C, while at 270 °C, θc,Ga = 1.6 ML, which is
consistent with the coverages required for saturating (1× 3) and
(2 × 5) reconstructions, respectively, with Ga adatoms.41 With
JSb = 0.060 ML/s, which was used for the samples presented in
Figure 2 and Figure 3, the critical transition temperature is
expected to be around 390 °C.40 Therefore, the density vs
temperature behavior with a transition region at around 400 °C
can be explained by the change of surface reconstruction which
influences the adatom diffusivity. It should also be noted that
coarsening effects by Ostwald ripening, which is typical for the
high-temperature LDE of AlGaAs,42 are not observed in Figure

Figure 2. AFM images of the AlGaSb surface after deposition of 3.2 ML of Ga for droplet formation and 180 s annealing with JSb = 0.060 ML/s at
different temperatures. The scale bars are 2 μm in panels a−e, 600 nm in panel f, and 200 nm in panel g.

Figure 3. Droplet density as a function of growth temperature. The
experimental data points are from Figure 2. The vertical dashed line
presents the temperature at which the surface reconstruction of GaSb is
expected to change from (1 × 3) to (2 × 5) when JSb = 0.060 ML/s.40

The solid line is a fit of eq 1 to the experimental data points in the (1 ×
3) reconstruction regime.
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3. For temperatures above 400 °C, we can model the droplet
(and nanohole) density using the scaling law43

=N T N( ) eE k T
0

/A1 B (1)

whereN0 is a pre-exponential factor, EA1 is the activation energy,
and kB is the Boltzmann constant. By fitting eq 1 to the
experimental data in Figure 3, we obtainN0 = 2.1× 103 cm−2 and
EA1 = 0.51 eV. This is well in agreement with the activation
energy of 0.54 eV reported for the Ga droplets on AlGaAs.42

The LDE process takes place after the droplet formation in the
presence of a small Sb-flux as depicted in Figure 4a. Sb atoms
from the vapor phase dissolve in the liquid Ga droplet and
increase the Sb concentration toward supersaturation. In typical
droplet epitaxy conditions used, e.g., for QD growth, the group V
flux enables complete crystallization of the droplet at its initial
location.5 In LDE conditions, which usually involve higher
temperatures and/or lower group V fluxes, the decomposition of
the solid material underneath the droplet provides another
group V source into the droplet and causes the formation of the
nanohole. The ring structure surrounding the hole is formed as a
result of nucleation when Sb atoms originating either from the
vapor phase or from the solid material below the droplet
crystallize as GaSb at the TPL as a result of increased Sb
concentration in the droplet, with the solubility of Sb in liquid
Ga being just 0.3% at 400 °C.44 Some group III and group V
atoms can also be lost by evaporation to the vapor phase,
particularly at the higher end of LDE temperatures. These
nucleation and decomposition processes play an important role
in the formation of the nanoholes and the surrounding ring
structures, as described by the kinetic models,42,45 but also
diffusion processes take place during LDE. Just like the droplet
formation (presented in Figure 4a, panel 1), the layer-by-layer

growth around the nanohole is also a thermally activated process
driven by adatom diffusion. It happens during LDE (Figure 4a,
panel 2) as Sb atoms arriving on the AlGaSb surface from the
vapor phase form an Sb-rich surface that changes the surface
reconstruction and creates a chemical potential gradient which
drives Ga diffusion away from the droplet. The Ga atoms stack
with the Sb atoms in a layer-by-layer manner within the diffusion
length and form the elliptical discs. However, the conditions
during the layer-by-layer growth around the nanohole are more
Sb-rich than during the Ga droplet formation, which takes place
on a Ga-saturated reconstruction. These differences in the
surface chemistry affect the Ga diffusivity. Consequently, the
dimensions of the ellipses are significantly smaller than the
distance between the droplets. Following the procedure from ref
46, the Ga diffusion length, l, during the layer-by-layer growth
can be obtained from the disc dimensions as

τΔ = − = = = −R R R l D D
N
J

e E k T
2 1 Ga 0

/ s

Sb

A2 B

(2)

where R1 and R2 are the radii of the ring structure and the disc,
respectively, as illustrated in Figure 4a, DGa is the Ga diffusion
constant, and τ is the adatom lifetime on the surface. DGa can be
expressed by the exponential diffusion equation where D0 is the
diffusivity prefactor and EA2 is the activation energy. The adatom
lifetime τ is obtained from JSb, and the surface site density Ns =
5.4 × 1014 cm−2. The disc structures shown in Figure 2 are
elliptical, and thus the diffusivity should be examined separately
for the [011] and [011] crystal directions.
The values of ΔR[011] and ΔR[011] were obtained from several

nanoholes for each temperature by measuring values of R2[011]−
R1[011] and R2[011] − R1[011] from cross-sectional AFM profiles
(Figure 4b). In the case of the highest growth temperatures

Figure 4. (a) Illustration of the phases of droplet formation and droplet etching. The critical dimensions of the droplets and final holemorphologies are
indicated. (b) Cross-sectional profiles of the holes and surrounding disc structures etched at different temperatures. (c) Anisotropy of the layer-by-
layer growth process accounted for by analyzingΔR = R2− R1 in the orthogonal [011] and [011] directions. (d, e) Experimental data ofΔR for [011]
and [011] directions and fits according to eq 2.
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where the disk is very diffused, R2[011] and R2[011] were estimated
from the AFM maps (Figure 4d) ,which provided more reliable
data.
By fitting eq 2 to the experimentally obtained values ofΔR[011]

and ΔR[011] (Figure 4d), we obtain the parameters of the
physical diffusion process of Ga atoms along the orthogonal
[011] and [011] directions. As a result, we get EA2 = 1.05 ±
0.010 eV andD0 = 0.019× (1.2±1) cm2/s for the [011] direction,
and EA2 = 0.98 ± 0.011 eV and D0 = 0.003 × (1.21±1) cm2/s for
the [011] direction. These activation energies are smaller than
the value of 1.31 ± 0.15 eV reported for the Ga LDE of GaAs,46

as expected from the generally higher temperatures needed for
LDE of (Al)GaAs and the different bond dissociation energies of
Ga−Sb (192 kJ/mol) and Ga−As (210 kJ/mol).47

As shown in Figure S4 in the SI, the final depth of the
nanoholes formed in AlGaSb by LDE with Ga droplet scales
linearly with the lateral dimension R1 within the investigated
range of growth parameters. Therefore, the hole depth can be
controlled by the selection of growth parameters, namely, the
temperature and θGa, during the droplet formation stage.
To our knowledge, no previously reported data are available

for the adatom diffusivity on (Al)GaSb. However, rectangular
mound defects consisting of spiral step edges on the GaSb
surface are elongated in the [011] direction48 which is consistent
with our results, revealing longer diffusion length in the [011]
direction than in the [011] direction.
Now that the temperature dependencies of the diffusion

processes are known for both droplet formation and etching, we
can analyze in more detail the critical Sb coverage, θc,Sb, needed
for completing the LDE process. Assuming unity sticking
coefficient and no diffusion for Sb, we can formulate θc,Sb from
the fact that during LDE, the number of Sb atoms nSb arriving
from vapor phase within the Ga diffusion length from the
droplet, i.e., on the elliptical area defined by R2[011] and R2[011],
should be equal to nGa, the initial amount of Ga atoms in the
droplet. When this condition is satisfied, the droplet is
completely consumed either to nucleation at the TPL (direct
impingement of Sb to the droplet) or to the layer-by-layer
growth within the Ga diffusion length. By accounting also for the
desorption of Ga and Sb atoms during the LDE process, this
condition can be formulated as

θ θ

π θ

=
−

=
−
−

=
−
−

[ ̅ ] [ ̅ ̅ ]

n
N T

N

R R N
P
P

n
P
P

1
2 ( )
1
2

1
1

1
1

Ga
Ga c,Ga

GaSb

2 0 1 1 2 0 1 1 c,Sb GaSb
Sb

Ga

Sb
Sb

Ga (3)

where N(T) is the droplet density from eq 1 and NGaSb is the
atom density in GaSb. PGa and PSb are the probabilities for the
evaporation of Ga and Sb atoms, respectively, back to the vapor
phase during the LDE process. In the case of congruent
evaporation, PSb = PGa and the evaporation probabilities cancel
out from the balance equation. The factors of 1/2 on both sides
are due to the definition used for ML coverages of Ga and Sb. By
replacing R2 with R1 + ΔR and solving for θc,Sb we get

θ

θ θ
π

=
−
−

×
−

Δ + Δ +[ ̅ ] [ ̅ ] [ ̅ ̅ ] [ ̅ ̅ ]

P
P

N T R R R R

1
1

( ) ( )( )

c,Sb
Ga

Sb

Ga c,Ga

0 1 1 1 0 1 1 0 1 1 1 0 1 1 (4)

Since the outer edge of the ring surrounding the etched
nanohole is defined by the nucleation at the TPL right in the
beginning of the LDE process, the radius of the ring, R1, can be
replaced with the initial droplet radius, RD,, as illustrated in
Figure 4a. The droplet shape can be described as a spherical cap

with a volume πκ= + κ( )V R 11
2 D

3
3

2

, where κ = h
RD

and h is the

initial droplet height. From the AFM profiles of droplets grown
at 500 °C, we estimate that κ = 0.46± 0.023 (see Figure S1 in the
SI), which can be assumed to be independent of V and T as long
as RD > 20 nm.49 The initial number of Ga atoms in the droplet
can thus be expressed as

ρ

πκ κ ρ

θ θ
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= +
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−

n
V

m

R
m

N T
N

1
2

1
3

1
2 ( )

Ga
Ga

Ga

D
3

2
Ga

Ga
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GaSb

i
k
jjjj
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where ρGa = 5.9 g/cm3 and mGa = 69.7 u are the density and
atomic mass of Ga, respectively. By solving eq 5 for RD, we get

θ θ

πκ ρ
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−

+ κ( )
R

N T

m
N

1 ( )
D

Ga c,Ga

3

Ga

Ga
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1/3

2

Ä
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É
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Now eq 4 can be rewritten as

θ

θ θ
π

=
−
−

×
−

Δ + Δ +[ ̅ ] [ ̅ ̅ ]

P
P

N T R R R R

1
1

( ) ( )( )D

c,Sb
Ga

Sb

Ga c,Ga

0 1 1 0 1 1 D (7)

which includes temperature-dependent expressions for N(T)
and ΔR[011],[011] from eq 1 and eq 2 with the fitted pre-
exponential factors and activation energies (Figure 3 and Figure
4), respectively.
Figure 5 shows θc,Sb plotted from eq 7 as a function of growth

temperature for different values of JSb assuming PSb = PGa. This
diffusion-based model predicts that θc,Sb decreases as temper-
ature is increased and increases when the JSb is increased. Both
effects are consequences of the change in the Ga diffusivity. JSb
reduces the adatom diffusivity (eq 2) and the temperature
increases it. The diffusion length during LDE affects the size of
the elliptical area which participates to the two processes that
consume the Ga droplet: formation of the ring structure by
nucleation at the TPL and layer-by-layer growth driven by the
Ga diffusion away from the droplet. The temperature depend-
ency of θc,Sb is particularly interesting since one might expect
that less Sb is required for consuming the small droplets formed
at low temperatures. However, the effect of the reduction of the
thermally activated Ga diffusion during LDE is significantly
stronger than that of the reduction of the droplet volume. The
model is also consistent with the experimental findings
presented in Figure 1a−c, which show that, for JSb = 0.030
ML/s, θc,Sb should be close to 5.4 ML since in Figure 1b we
observe some completely etched holes and some holes which
still contain a small liquid droplet. Furthermore, the temperature
dependency predicted by the model is in agreement with our
experimental findings. For JSb = 0.060 ML/s (Figure 2), we find
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that with θSb = 10.8ML all holes are completely etched whenT =
500 °C, while for T = 353 °C we find that 19% of the holes still
contain some liquid Ga (see Figures S5 and S6 in the SI), which
confirms that more Sb is required for completing the etching
process at a lower temperature. The model slightly under-
estimates the θc,Sb at 500 °C which can be explained by the
increase of Sb evaporation to the vapor phase. This growth
temperature is just above the congruent evaporation point of
GaSb,50 beyond which the assumption PSb = PGa is not precisely
valid as PSb increases faster than PGa as a function of temperature.
The understanding of θc,Sb is important for controlling LDE in

order to provide enough Sb for completing the nanohole etching
process in the given set of growth conditions but still avoiding
unnecessarily long etching. Furthermore, by selecting appro-
priate Sb-fluxes and etching times, it is possible to adjust the Ga
diffusion during LDE while still ensuring completion of the LDE
process.
In conclusion, we demonstrated highly controllable formation

of nanoholes in Al0.3Ga0.7Sb by LDE with Ga droplets over a
temperature range from 270 to 500 °C, which provides
tunability of the nanohole density by almost 3 orders of
magnitude. The low vapor pressure of Sb enables precise control
of the Sb-flux, which provides a high degree of repeatability and
provides means for adjusting the diffusion processes in LDE.We
have analyzed the diffusion of Ga adatoms in both droplet
formation and LDE steps and presented a model for predicting
the critical amount of Sb required for complete hole etching and
consumption of the liquid Ga droplets. This work represents a
significant advance toward LDE-based quantum confined
structures in GaSb-based materials which provide direct band

gaps covering the important wavelength range from telecom to
mid-infrared.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00113.

Determination of the droplet shape; critical Ga coverage
for droplet formation; nanohole depth; assessment of the
completion of the nanohole etching process (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Teemu Hakkarainen − Optoelectronics Research Centre,
Physics Unit, Tampere University, 33720 Tampere, Finland;
orcid.org/0000-0001-6758-2496;

Email: teemu.hakkarainen@tuni.fi

Authors
Joonas Hilska − Optoelectronics Research Centre, Physics Unit,
Tampere University, 33720 Tampere, Finland

Abhiroop Chellu − Optoelectronics Research Centre, Physics
Unit, Tampere University, 33720 Tampere, Finland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.cgd.1c00113

Author Contributions
†J.H. and A.C. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge financial support from the Academy of Finland
Projects QuantSi (Decision No. 323989) and NanoLight
(Decision No. 310985).

■ REFERENCES
(1) Arakawa, Y.; Holmes, M. J. Progress in quantum-dot single photon
sources for quantum information technologies: A broad spectrum
overview. Appl. Phys. Rev. 2020, 7, 021309.
(2) Lee, J.; Leong, V.; Kalashnikov, D.; Dai, J.; Gandhi, A.; Krivitsky, L.
A. Integrated single photon emitters. AVS Quantum Science 2020, 2,
031701.
(3) Madhukar, A.; Xie, Q.; Chen, P.; Konkar, A. Nature of strained
InAs three-dimensional island formation and distribution on GaAs
(100). Appl. Phys. Lett. 1994, 64, 2727−2729.
(4) Moison, J.; Houzay, F.; Barthe, F.; Leprince, L.; Andre, E.; Vatel,
O. Self-organized growth of regular nanometer-scale InAs dots on
GaAs. Appl. Phys. Lett. 1994, 64, 196−198.
(5) Sanguinetti, S.; Bietti, S.; Koguchi, N. Droplet epitaxy of
nanostructures. In Molecular Beam Epitaxy: From Research to Mass
Rroduction, 2nd ed.; Henini, M., Ed.; Elsevier, 2018; pp 293−314.
(6) Kuroda, T.; Mano, T.; Ha, N.; Nakajima, H.; Kumano, H.;
Urbaszek, B.; Jo, M.; Abbarchi, M.; Sakuma, Y.; Sakoda, K.; et al.
Symmetric quantum dots as efficient sources of highly entangled
photons: Violation of Bell’s inequality without spectral and temporal
filtering. Phys. Rev. B: Condens. Matter Mater. Phys. 2013, 88, 041306.
(7) Gurioli, M.; Wang, Z.; Rastelli, A.; Kuroda, T.; Sanguinetti, S.
Droplet epitaxy of semiconductor nanostructures for quantum
photonic devices. Nat. Mater. 2019, 18, 799−810.
(8) Felici, M.; Gallo, P.; Mohan, A.; Dwir, B.; Rudra, A.; Kapon, E.
Site-Controlled InGaAsQuantumDots with Tunable Emission Energy.
Small 2009, 5, 938−943.

Figure 5. Critical Sb coverage calculated for different Sb-fluxes (JSb)
from eq 7 for θGa− θc,Ga = 1.93ML, which corresponds to deposition of
3.2 ML of Ga on a (1 × 3) reconstructed surface, while taking into
account the Ga atoms consumed in planar growth due to reaction with
the Sb atoms (as explained in the SI). The experimental data points
from Figure 1e−g, JSb = 0.030 ML/s, are presented by the round
symbols. The filled, half-filled, and empty symbols correspond to the Sb
coverage that results in incomplete etching with liquid droplets
remaining, a situation close to the critical Sb coverage with liquid Ga
remaining only in some of the droplets, and completely etched holes
with no liquid Ga present, respectively. These phases of the etching
process are presented in the 3D AFM profiles showing droplet and
nanohole morphologies.

Crystal Growth & Design pubs.acs.org/crystal Communication

https://doi.org/10.1021/acs.cgd.1c00113
Cryst. Growth Des. 2021, 21, 1917−1923

1922

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00113/suppl_file/cg1c00113_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00113?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00113/suppl_file/cg1c00113_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teemu+Hakkarainen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6758-2496
http://orcid.org/0000-0001-6758-2496
mailto:teemu.hakkarainen@tuni.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joonas+Hilska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhiroop+Chellu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00113?ref=pdf
https://doi.org/10.1063/5.0010193
https://doi.org/10.1063/5.0010193
https://doi.org/10.1063/5.0010193
https://doi.org/10.1116/5.0011316
https://doi.org/10.1063/1.111456
https://doi.org/10.1063/1.111456
https://doi.org/10.1063/1.111456
https://doi.org/10.1063/1.111502
https://doi.org/10.1063/1.111502
https://doi.org/10.1103/PhysRevB.88.041306
https://doi.org/10.1103/PhysRevB.88.041306
https://doi.org/10.1103/PhysRevB.88.041306
https://doi.org/10.1038/s41563-019-0355-y
https://doi.org/10.1038/s41563-019-0355-y
https://doi.org/10.1002/smll.200801274
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00113?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00113?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00113?fig=fig5&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00113/suppl_file/cg1c00113_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00113?fig=fig5&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00113?rel=cite-as&ref=PDF&jav=VoR


(9) Versteegh, M. A.; Reimer, M. E.; Jöns, K. D.; Dalacu, D.; Poole, P.
J.; Gulinatti, A.; Giudice, A.; Zwiller, V. Observation of strongly
entangled photon pairs from a nanowire quantum dot. Nat. Commun.
2014, 5, 5298.
(10) Heyn, C.; Stemmann, A.; Köppen, T.; Strelow, C.; Kipp, T.;
Grave, M.; Mendach, S.; Hansen, W. Highly uniform and strain-free
GaAs quantum dots fabricated by filling of self-assembled nanoholes.
Appl. Phys. Lett. 2009, 94, 183113.
(11) Atkinson, P.; Zallo, E.; Schmidt, O. Independent wavelength and
density control of uniform GaAs/AlGaAs quantum dots grown by
infilling self-assembled nanoholes. J. Appl. Phys. 2012, 112, 054303.
(12) Keil, R.; Zopf, M.; Chen, Y.; Höfer, B.; Zhang, J.; Ding, F.;
Schmidt, O. G. Solid-state ensemble of highly entangled photon sources
at rubidium atomic transitions. Nat. Commun. 2017, 8, 15501.
(13) Liu, J.; Su, R.; Wei, Y.; Yao, B.; Covre da Silva, S. F.; Yu, Y.; Iles-
Smith, J.; Srinivasan, K.; Rastelli, A.; Li, J.; Wang, X. A solid-state source
of strongly entangled photon pairs with high brightness and
indistinguishability. Nat. Nanotechnol. 2019, 14, 586−593.
(14) Huo, Y.; Rastelli, A.; Schmidt, O. Ultra-small excitonic fine
structure splitting in highly symmetric quantum dots on GaAs (001)
substrate. Appl. Phys. Lett. 2013, 102, 152105.
(15) Huber, D.; Reindl, M.; Huo, Y.; Huang, H.; Wildmann, J. S.;
Schmidt, O. G.; Rastelli, A.; Trotta, R. Highly indistinguishable and
strongly entangled photons from symmetric GaAs quantum dots. Nat.
Commun. 2017, 8, 15506.
(16) Wang, Z. M.; Liang, B.; Sablon, K.; Salamo, G. Nanoholes
fabricated by self-assembled gallium nanodrill on GaAs (100). Appl.
Phys. Lett. 2007, 90, 113120.
(17) Alonso-González, P.; Fuster, D.; González, L.; Martín-Sánchez,
J.; González, Y. Low density InAs quantum dots with control in energy
emission and top surface location. Appl. Phys. Lett. 2008, 93, 183106.
(18) Heyn, C.; Stemmann, A.; Hansen, W. Dynamics of self-
assembled droplet etching. Appl. Phys. Lett. 2009, 95, 173110.
(19) Heyn, C.; Stemmann, A.; Hansen, W. Nanohole formation on
AlGaAs surfaces by local droplet etching with gallium. J. Cryst. Growth
2009, 311, 1839−1842.
(20) Somaschini, C.; Bietti, S.; Koguchi, N.; Sanguinetti, S.
Fabrication of multiple concentric nanoring structures. Nano Lett.
2009, 9, 3419−3424.
(21) Somaschini, C.; Bietti, S.; Scaccabarozzi, A.; Grilli, E.;
Sanguinetti, S. Self-assembly of quantum dot-disk nanostructures via
growth kinetics control. Cryst. Growth Des. 2012, 12, 1180−1184.
(22) Stemmann, A.; Heyn, C.; Köppen, T.; Kipp, T.; Hansen, W.
Local droplet etching of nanoholes and rings on GaAs and AlGaAs
surfaces. Appl. Phys. Lett. 2008, 93, 123108.
(23) Lee, J. H.; Wang, Z. M.; Ware, M. E.; Wijesundara, K. C.;
Garrido, M.; Stinaff, E. A.; Salamo, G. J. Super low density InGaAs
semiconductor ring-shaped nanostructures. Cryst. Growth Des. 2008, 8,
1945−1951.
(24) Li, A. Z.; Wang, Z. M.; Wu, J.; Xie, Y.; Sablon, K. A.; Salamo, G. J.
Evolution of holed nanostructures on GaAs (001). Cryst. Growth Des.
2009, 9, 2941−2943.
(25) Stemmann, A.; Köppen, T.; Grave, M.; Wildfang, S.; Mendach,
S.; Hansen,W.; Heyn, C. Local etching of nanoholes and quantum rings
with In x Ga 1- x droplets. J. Appl. Phys. 2009, 106, 064315.
(26) Noda, T.; Mano, T.; Jo, M.; Kawazu, T.; Sakaki, H. Self-assembly
of InAs ring complexes on InP substrates by droplet epitaxy. J. Appl.
Phys. 2012, 112, 063510.
(27) Fuster, D.; Abderrafi, K.; Alén, B.; González, Y.; Wewior, L.;
González, L. InAs nanostructures grown by droplet epitaxy directly on
InP (001) substrates. J. Cryst. Growth 2016, 434, 81−87.
(28) Dahiya, V.; Zamiri, M.; So, M. G.; Hollingshead, D. A.; Kim, J.;
Krishna, S. Fabrication of InAs quantum ring nanostructures on GaSb
by droplet epitaxy. J. Cryst. Growth 2018, 492, 71−76.
(29) Kanjanachuchai, S.; Euaruksakul, C. Directions and breakup of
self-running in droplets on low-index InP surfaces. Cryst. Growth Des.
2014, 14, 830−834.
(30) Kanjanachuchai, S.; Photongkam, P. Dislocation-guided self-
running droplets. Cryst. Growth Des. 2015, 15, 14−19.

(31) Gisin, N.; Thew, R. Quantum communication. Nat. Photonics
2007, 1, 165−171.
(32) Wang, J.; Sciarrino, F.; Laing, A.; Thompson, M. G. Integrated
photonic quantum technologies. Nat. Photonics 2020, 14, 273−284.
(33) Vurgaftman, I.; Meyer, J. á; Ram-Mohan, L. á Band parameters
for III−V compound semiconductors and their alloys. J. Appl. Phys.
2001, 89, 5815−5875.
(34) Ferrini, R.; Patrini, M.; Franchi, S. Optical functions from 0.02 to
6 eV of Al x Ga 1- x Sb/GaSb epitaxial layers. J. Appl. Phys. 1998, 84,
4517−4524.
(35) Huang, S.; Balakrishnan, G.; Khoshakhlagh, A.; Jallipalli, A.;
Dawson, L.; Huffaker, D. Strain relief by periodic misfit arrays for low
defect density GaSb on GaAs. Appl. Phys. Lett. 2006, 88, 131911.
(36) Huang, S.; Balakrishnan, G.; Khoshakhlagh, A.; Dawson, L.;
Huffaker, D. Simultaneous interfacial misfit array formation and
antiphase domain suppression on miscut silicon substrate. Appl. Phys.
Lett. 2008, 93, 071102.
(37) Rodriguez, J.; Madiomanana, K.; Cerutti, L.; Castellano, A.;
Tournié, E. X-ray diffraction study of GaSb grown by molecular beam
epitaxy on silicon substrates. J. Cryst. Growth 2016, 439, 33−39.
(38) Heyn, C.; Bartsch, T.; Sanguinetti, S.; Jesson, D.; Hansen, W.
Dynamics of mass transport during nanohole drilling by local droplet
etching. Nanoscale Res. Lett. 2015, 10, 67.
(39) Mano, T.; Kuroda, T.; Sanguinetti, S.; Ochiai, T.; Tateno, T.;
Kim, J.; Noda, T.; Kawabe, M.; Sakoda, K.; Kido, G.; Koguchi, N. Self-
assembly of concentric quantum double rings.Nano Lett. 2005, 5, 425−
428.
(40) Bracker, A.; Yang, M.; Bennett, B.; Culbertson, J.; Moore, W.
Surface reconstruction phase diagrams for InAs, AlSb, and GaSb. J.
Cryst. Growth 2000, 220, 384−392.
(41) Miyata, N.; Ohtake, A.; Ichikawa, M.; Mori, T.; Yasuda, T.
Electrical characteristics and thermal stability of HfO2 metal-oxide-
semiconductor capacitors fabricated on clean reconstructed GaSb
surfaces. Appl. Phys. Lett. 2014, 104, 232104.
(42) Heyn, C. Kinetic model of local droplet etching. Phys. Rev. B:
Condens. Matter Mater. Phys. 2011, 83, 165302.
(43) Venables, J.; Spiller, G.; Hanbucken, M. Nucleation and growth
of thin films. Rep. Prog. Phys. 1984, 47, 399.
(44) Daeneke, T.; Khoshmanesh, K.; Mahmood, N.; De Castro, I.;
Esrafilzadeh, D.; Barrow, S.; Dickey, M.; Kalantar-Zadeh, K. Liquid
metals: fundamentals and applications in chemistry. Chem. Soc. Rev.
2018, 47, 4073−4111.
(45) Li, X.; Wu, J.; Wang, Z. M.; Liang, B.; Lee, J.; Kim, E.; Salamo, G.
J. Origin of nanohole formation by etching based on droplet epitaxy.
Nanoscale 2014, 6, 2675−2681.
(46) Bietti, S.; Somaschini, C.; Esposito, L.; Fedorov, A.; Sanguinetti,
S. Gallium surface diffusion on GaAs (001) surfaces measured by
crystallization dynamics of Ga droplets. J. Appl. Phys. 2014, 116,
114311.
(47) Kerr, A. Strengths of Chemical Bonds. In CRC Handbook of
Chemistry and Physics, 84th ed.; Lide, D., Ed.; CRC Press, 2004;.
(48) Brar, B.; Leonard, D. Spiral growth of GaSb on (001) GaAs using
molecular beam epitaxy. Appl. Phys. Lett. 1995, 66, 463−465.
(49) Jo, M.; Mano, T.; Sakuma, Y.; Sakoda, K. Size-dependent contact
angle of Ga droplets on GaAs. J. Cryst. Growth 2013, 378, 5−7.
(50) Yano, M.; Yokose, H.; Iwai, Y.; Inoue, M. Surface reaction of III−
V compound semiconductors irradiated by As and Sb molecular beams.
J. Cryst. Growth 1991, 111, 609−613.

Crystal Growth & Design pubs.acs.org/crystal Communication

https://doi.org/10.1021/acs.cgd.1c00113
Cryst. Growth Des. 2021, 21, 1917−1923

1923

https://doi.org/10.1038/ncomms6298
https://doi.org/10.1038/ncomms6298
https://doi.org/10.1063/1.3133338
https://doi.org/10.1063/1.3133338
https://doi.org/10.1063/1.4748183
https://doi.org/10.1063/1.4748183
https://doi.org/10.1063/1.4748183
https://doi.org/10.1038/ncomms15501
https://doi.org/10.1038/ncomms15501
https://doi.org/10.1038/s41565-019-0435-9
https://doi.org/10.1038/s41565-019-0435-9
https://doi.org/10.1038/s41565-019-0435-9
https://doi.org/10.1063/1.4802088
https://doi.org/10.1063/1.4802088
https://doi.org/10.1063/1.4802088
https://doi.org/10.1038/ncomms15506
https://doi.org/10.1038/ncomms15506
https://doi.org/10.1063/1.2713745
https://doi.org/10.1063/1.2713745
https://doi.org/10.1063/1.3021070
https://doi.org/10.1063/1.3021070
https://doi.org/10.1063/1.3254216
https://doi.org/10.1063/1.3254216
https://doi.org/10.1016/j.jcrysgro.2008.11.001
https://doi.org/10.1016/j.jcrysgro.2008.11.001
https://doi.org/10.1021/nl901493f
https://doi.org/10.1021/cg201153d
https://doi.org/10.1021/cg201153d
https://doi.org/10.1063/1.2981517
https://doi.org/10.1063/1.2981517
https://doi.org/10.1021/cg701263c
https://doi.org/10.1021/cg701263c
https://doi.org/10.1021/cg900189t
https://doi.org/10.1063/1.3225759
https://doi.org/10.1063/1.3225759
https://doi.org/10.1063/1.4752255
https://doi.org/10.1063/1.4752255
https://doi.org/10.1016/j.jcrysgro.2015.11.003
https://doi.org/10.1016/j.jcrysgro.2015.11.003
https://doi.org/10.1016/j.jcrysgro.2018.04.016
https://doi.org/10.1016/j.jcrysgro.2018.04.016
https://doi.org/10.1021/cg401693x
https://doi.org/10.1021/cg401693x
https://doi.org/10.1021/cg5013704
https://doi.org/10.1021/cg5013704
https://doi.org/10.1038/nphoton.2007.22
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1063/1.1368156
https://doi.org/10.1063/1.1368156
https://doi.org/10.1063/1.368677
https://doi.org/10.1063/1.368677
https://doi.org/10.1063/1.2172742
https://doi.org/10.1063/1.2172742
https://doi.org/10.1063/1.2970997
https://doi.org/10.1063/1.2970997
https://doi.org/10.1016/j.jcrysgro.2016.01.005
https://doi.org/10.1016/j.jcrysgro.2016.01.005
https://doi.org/10.1186/s11671-015-0779-5
https://doi.org/10.1186/s11671-015-0779-5
https://doi.org/10.1021/nl048192+
https://doi.org/10.1021/nl048192+
https://doi.org/10.1016/S0022-0248(00)00871-X
https://doi.org/10.1063/1.4882643
https://doi.org/10.1063/1.4882643
https://doi.org/10.1063/1.4882643
https://doi.org/10.1103/PhysRevB.83.165302
https://doi.org/10.1088/0034-4885/47/4/002
https://doi.org/10.1088/0034-4885/47/4/002
https://doi.org/10.1039/C7CS00043J
https://doi.org/10.1039/C7CS00043J
https://doi.org/10.1039/c3nr06064k
https://doi.org/10.1063/1.4895986
https://doi.org/10.1063/1.4895986
https://doi.org/10.1063/1.114057
https://doi.org/10.1063/1.114057
https://doi.org/10.1016/j.jcrysgro.2012.12.129
https://doi.org/10.1016/j.jcrysgro.2012.12.129
https://doi.org/10.1016/0022-0248(91)91049-G
https://doi.org/10.1016/0022-0248(91)91049-G
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00113?rel=cite-as&ref=PDF&jav=VoR

