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A B S T R A C T

We demonstrated nanopit formation by Ga-assisted local droplet etching technique in InGaAs metamorphic
layers grown on vicinal GaAs(111)A substrates. We studied nanopit formation depending on the substrate
temperature, Ga flux and Ga amount. The etched pits show a highly symmetrical pyramidal shape with an
equilateral triangular base and the edges of the triangle are along < 1 1 0 > directions. The observed behavior,
in terms of nanopit density, depth and, aspect ratio is well described by a model taking into account the
dynamics of the droplet etching process.
1. Introduction

In the ongoing pursuit of practical quantum technologies, a critical
focus is developing a deterministic and efficient quantum source of
entangled photons. Such a source is pivotal in quantum communication
protocols and certain quantum simulation applications [1,2]. Notably,
their development is essential for the realization of repeaters capable
of transferring quantum entanglement over long distances.

Epitaxial quantum dots (QDs) stand out as an attractive solution for
generating quantum light, leveraging their capability for on-demand
photon production with high efficiency, and their seamless integration
with existent semiconductor foundry processes [3,4]. Beyond deter-
ministic single photon emission, QDs exhibit the remarkable ability to
generate polarization-entangled photon pairs on-demand through the
biexciton (XX) – exciton (X) recombination cascade [3,4]. However,
the effective utilization of QD-based entangled sources in communi-
cation technologies encounters challenges, specifically in overcoming
the difficulty of finding an efficient emitter that can generate highly
entangled photon pairs and ensuring compatibility with the optical
fiber transmission windows [5,6].

Self-assembled InAs QDs on GaAs platform emitting in the O-band
(around 1.31 μm) or the C-band (around 1.55 μm) fiber optics transmis-
sion windows have been realized [7,8]. Achieving the desired emission
wavelength involves employing InGa(Al)As metamorphic buffer layers
(MMBLs) to red-shift the emission and reduce the number of defects
acting as non-radiative recombination centers between QD and barrier
layers [5,6,8–13].
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Reproducible entangled photon generation requires addressing in-
plane anisotropy, such as shape and composition variations, inducing
a fine structure splitting (FSS) between bright exciton states through
the electron–hole exchange interaction [3,4]. Notably, (111)-oriented
surfaces with C3𝑣 symmetry gained attention for creating highly
symmetrical QDs that can eliminate the FSS of the exciton state
[14–17].

However, growing QDs on (111)-oriented surfaces is not straight-
forward. The commonly employed Stranski–Krastanov growth mode is
ineffective due to the rapid plastic relaxation of compressive strain on
GaAs(111) substrates which results in the insertion of misfit disloca-
tions at the interface [18,19]. Tensile strain in the epilayers
[20,21] or the Droplet Epitaxy (DE) [16,17,22–27] present alternative
approaches, offering a more efficient and reliable method of obtaining
self-assembled QDs on (111) substrates.

A different effective approach for fabricating high-yield quantum
emitters based on QDs is the Local Droplet Etching (LDE) [28–33]. In
LDE, the deposition of group III atoms under a low flux of group V
atoms leads to the formation of droplets and, subsequently, nanopits
underneath the droplet position. Then these nanopits can be subse-
quently filled with an appropriate semiconductor material to obtain
the desired QDs. LDE is performed at higher temperatures with re-
spect to DE. Therefore, it has advantages in terms of crystal quality,
brightness, and linewidth broadening of the emitters, the latter related
to the dynamic Stark effect induced by charging/discharging traps in
the barrier [3,4,34]. Also, it was shown that DE InAs QDs grown on
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InAlAs(111)A MMBL exceeding critical size became plastically relaxed
with dislocations which act as non-radiative recombination centers de-
stroying QD emitting properties [35]. Extending this process to MMBLs
on (111)-oriented surfaces holds the potential for achieving bright and
entangled photon emission in the O- and C-bands.

In this work, we studied in detail the formation of nanopits pro-
duced by deposited metal droplets during the annealing process. Our
systematic investigation of growth parameters – deposition tempera-
ture, metal flux, and total deposited metal – demonstrates a notable
degree of control over the self-assembly of nanopits on GaAs(111)A. We
validate and extend the model developed by Heyn and coworkers [30],
previously conceived for (001)-oriented surfaces, to describe the phys-
ical process on (111) surfaces, thereby providing new insights into the
model.

2. Materials and methods

Samples were grown in a conventional MBE chamber. Epi-ready
undoped semi-insulating GaAs(111)A substrates with a miscut of 2◦

towards [1 1 2] were used. After oxide desorption, monitored by the
appearance of (2 × 2) surface reconstruction by the reflection of high
energy electron diffraction (RHEED), the samples were heated up to
600 ◦C and were kept at this temperature for 5 minutes to fully remove
the oxide layer. Then, a 100 nm GaAs buffer layer was grown at 520 ◦C
with a deposition rate of 0.5 monolayers (ML)/s (here and below 1 ML
is defined as 6.26 × 1014 atoms/cm2, which is the site-number density
of the unreconstructed GaAs(001) surface). After the GaAs buffer layer,
a 100 nm In0.4Ga0.6As layer was deposited. The formation of the flat
In0.4Ga0.6As MMBL is achieved following the same growth protocol
(low temperature (450 ◦C) and high growth rate (1 ML/s)) used to
obtain the InAlAs MMBL on vicinal GaAs(111)A [36].

Then, the nanopit etching process was performed. It consists of two
stages: the deposition of Ga at As4 flux followed by the annealing for
5 minutes at the same temperature. For all the samples, the As4 flux
during the etching process was set to have a beam equivalent pressure
(BEP) of 1 × 10−7 torr. The etching process was carried out at different
temperatures 𝑇𝑠 (460–580 ◦C), Ga flux 𝐹𝐺𝑎 (0.1–1.0 ML/s), and Ga
total amount deposited 𝛩𝐺𝑎 (3–27 MLs). The Ga deposition step was
not started until the background pressure in the chamber reached the
level of ≈ 1 − 3 × 10−7 torr.

The sample morphology was analyzed at room temperature by the
Veeco Innova atomic force microscope (AFM) in tapping mode using
Nanosensors SSS-NCHR sharp silicon tips capable of a lateral resolution
of about 2 nm. The samples were mounted to have one of the cleavage
edges (⟨1 1 2⟩) parallel to the x-scan direction. All AFM scans with
different scan ranges have 512 × 512 pixel resolution, the scan rate
was 0.5 Hz. The surface density of nanopits was estimated from three
different 5 × 5 μm2 AFM scans for each sample, the nanopit sizes were
analyzed from 100 pits randomly chosen on 2 × 2 μm2 AFM scans. The
pit’s width was measured as the altitude of the triangle base of the
pits in one of the ⟨1 1 2⟩ directions (see Fig. 1a) parallel to the x-scan
direction. The depth was measured as the difference between the lowest
point of the pit and the surface level in the topography profile along
the altitude of the triangle base (see Fig. 1b).

The nanopit formation conditions for each of the samples are re-
ported in Table 1.

3. Results

To investigate the self-assembly of nanopits through Ga-assisted
LDE on vicinal In0.4Ga0.6As(111)A, we carried out three comprehensive
series of experiments. In the initial series, denoted as the T series
(samples T1–T7), we systematically varied 𝑇𝑠 of the nanopit etching
process from 460 to 580 ◦C while maintaining a constant 𝐹𝐺𝑎 and 𝛩𝐺𝑎
(0.5 ML/s and 3 ML, respectively).
2 
Fig. 1. (a) Schematic representation of the pit’s width measurements on AFM scan.
(b) Schematic representation of the pit’s depth measurements in the profile along the
altitude of the triangle base.

Table 1
Description of samples.

Sample 𝑇𝑠 (◦C) 𝛩𝐺𝑎 (ML) 𝐹𝐺𝑎 (ML/s) Nanopit density
(× 108 cm−2)

T series:
T1 460 3 0.5 11.63
T2 480 3 0.5 11.58
T3 500 3 0.5 10.12
T4 520 3 0.5 9.36
T5 540 3 0.5 8.50
T6 560 3 0.5 5.98
T7 580 3 0.5 2.55

F series:
F1 540 3 0.1 –
F2 540 3 0.2 –
F3 540 3 0.3 6.01
F4=T5 540 3 0.5 8.50
F5 540 3 0.75 11.48
F6 540 3 1.0 12.60

A series:
A1=F4=T5 540 3 0.5 8.50
A2 540 6 0.5 4.70
A3 540 9 0.5 3.65
A4 540 12 0.5 2.86
A5 540 27 0.5 2.35

Fig. 2 shows the morphological evolution of InGaAs MMBL after
the nanopit etching process in the T series (samples T1 (460 ◦C), T3
(500 ◦C), T5 (540 ◦C), and T7 (580 ◦C)). Fig. 3 reports the temperature
dependence of the nanopit density and the mean value of the nanopit
depth.

Each nanopit exhibits a distinct triangular surface shape, reflecting
the symmetry imposed by the (111) growth orientation. The shape of
nanopits is discussed in detail in Section 4.4. Although the pit faces do
not align with singular facets, the edges of the triangle parallel to ⟨110⟩
directions and symmetrical pit shape indicate a preference to form a
tetrahedron by reaching the {111}A facets as in the case of wet etching
of GaAs.

The nanopit density is correlated with the density of Ga metal
droplets that self-assemble on the surface during the Ga deposition
step [28,37]. Due to a thermally activated nature of the droplet self-
assembly process [24,38–40], an exponential behavior is expected,
characterized by a single activation energy 𝐸𝑁 which depends on
the barrier energy for the diffusion of Ga adatoms, the critical nu-
cleus size, and the cohesive energy to nucleate critical nucleus (𝑁 ∝
exp[𝐸𝑁∕(𝑘𝐵𝑇 )]) where 𝑘𝐵 is the Boltzmann’s constant and 𝑇 -surface
temperature. However, the Arrhenius plot in Fig. 3a reveals a distinct
knee at 540 ◦C, demarcating two regimes.

At lower temperatures, the density dependence, as shown in Fig. 3a,
follows to an Arrhenius scaling law with a single activation energy
𝐸𝑁 = 0.24 eV until approximately 550 ◦C. Above this point, the density
experiences a sharp decline. The average nanopit depth increases with
increasing temperature except for the samples grown above 550 ◦C
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Fig. 2. T series: AFM topography images of samples T1 — (a) 5× 5 μm2, (e) 1× 1 μm2;
T3 — (b) 5 × 5 μm2, (f) 1 × 1 μm2; T5 — (c) 5 × 5 μm2, (g) 1 × 1 μm2; and T7 — (d)
5 × 5 μm2, (h) 2 × 2 μm2.

(see orange points with violet error bars in Fig. 3). Such a behavior
is discussed in Section 4.2.

In the second series (F series), 𝐹𝐺𝑎 during the droplet deposition
step was changed between 0.1 and 1.0 ML/s, while keeping constant
𝑇𝑠 = 540 ◦C and 𝛩𝐺𝑎 = 3 ML. Fig. 4 shows AFM topography images of
samples F1 (0.1 ML/s), F3 (0.3 ML/s), and F5 (0.75 ML/s). No nanopit
formation is observed for 𝐹𝐺𝑎 below 0.3 ML/s. Above 0.3 ML/s the
nanopit density follows the expected power dependence on 𝐹𝐺𝑎 with
the exponent 𝑝 = 0.67 ± 0.06 (see Fig. 5a). No change in the average
depth of nanopits is observed in the whole flux range (Fig. 5b).

In the third series of samples (A series), 𝛩𝐺𝑎 was varied between 3
and 27 MLs while keeping the same 𝑇𝑠 = 540 ◦C and 𝐹𝐺𝑎 of 0.5 ML/s.
Fig. 6 shows the AFM images of samples A1 (3 ML), A3 (9 ML), and A5
(27 ML). It is worth noting that the nanopit density decreases with the
increasing 𝛩𝐺𝑎 or, equivalently, the deposition time (see Fig. 7a). The
average depth increases with the increasing 𝛩𝐺𝑎 (Fig. 7b).

4. Discussion

The droplet etching is one of the possible regimes of the wider
droplet-based two-step epitaxy process [25,28,30,41]. After the forma-
tion of the nanoscale droplets, the conditions used during the annealing
3 
Fig. 3. T series: The temperature dependencies of (a) the nanopit density and (b) the
nanopit depth. 𝐹𝐺𝑎 and 𝛩𝐺𝑎 during the fabrication of the sample series are 0.5 ML/s
and 3 ML, respectively. Samples T6 and T7 affected by the indium desorption are
highlighted by orange points with violet error bars.

step in the group V atmosphere, such as the substrate temperature
and the group V flux (arsenic in our case), allow for the self-assembly
of three-dimensional nanostructures (called DE process [23,41,42]) or
nanopits which constitutes the first step in the QD LDE fabrication
process. In the LDE regime, the QDs are then obtained by filling
the nanopits with a lower bandgap material. The conditions for DE
typically involve an intermediate surface temperature (300–500 ◦C)
and very low group V flux during the droplet deposition step (BEP of
about 1 × 10−10 − 1 × 10−9 torr) and high group V flux (BEP of about
1 × 10−5 torr) at the same or lower temperature during the annealing
step. Conditions for LDE are typically the same for both steps involving
high temperature (>500 ◦C) and an intermediate flux (BEP of about
1 × 10−7 − 1 × 10−6 torr) [30,31,43–47].

4.1. The etching model

The observed behavior can be effectively analyzed within the frame-
work established by Heyn and colleagues [30]. This framework inte-
grates island nucleation theory [38,39] with a thermally activated etch-
ing process of the III–V semiconductor substrate beneath the droplet
by the metal contained in the droplet itself [28]. According to this
approach, each nanopit originates from a droplet deposited in the
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Fig. 4. F series: 5 × 5 μm2 AFM topography images of samples (a) F1, (b) F3, (c) F5.

initial stage of the etching process and it is formed beneath the orig-
inal droplet position. Both the width and depth of the nanopit are
linked to the initial droplet volume and the specifics of the annealing
conditions. The droplet ripening process can happen and affect the
final density of the nanopits and their size while the etching model
remains unchanged [28,29,42]. Moreover, for GaAs(111)A substrates
we already demonstrated the negligible effect of the ripening process
during DE [27]. In the current study, the ripening was only observed
at extremely large 𝛩𝐺𝑎 as discussed in Section 4.3.

The model built upon these assumptions not only describes the
dynamics of the nanopit etching process by the metal within the droplet
but also facilitates the identification of potential regimes for nanopit
formation. Moreover, it provides a means to engineer the actual shape
of the resulting nanopits.

The etching is achieved after the nucleation of droplets by their
annealing in a small background flux of group V adatoms (As4 in the
present work, 𝐹𝐴𝑠4 > 0) and zero flux of group III adatoms (Ga in
the present work, 𝐹𝐺𝑎 = 0). The presence of the droplet destabilizes
the III–V crystal underneath which starts to dissolve in Ga, In, and As
adatoms. The etching is a thermally activated process whose etching
rate can be expressed as 𝑅𝐸 = 𝜈𝐸 ⋅ 𝑒𝑥𝑝[−𝐸𝐸∕(𝑘𝐵𝑇 )], where 𝜈𝐸 is
a vibrational frequency, 𝐸 is the activation energy for the MMBL
𝐸

4 
Fig. 5. F series: The flux dependencies of (a) the nanopit density and (b) the nanopit
depth. 𝑇𝑠 and 𝛩𝐺𝑎 during the fabrication of the sample series are 540 ◦C and 3 ML,
respectively.

layer etched by Ga. The As dissolved in the droplet during the etching
process recrystallizes at the droplet edge (the triple-line) in the form of
(In)GaAs or evaporates from the surface.

The etching process remains active until the droplet is fully depleted
from its metal atoms. As a matter of fact, there is a net group III adatom
flux leaving the droplet by detachment from the droplet perimeter.
It is generated by the change in surface tension around the droplet
due to the As flux. The detachment is a thermally activated process
as well, with the probability 𝑅𝐷 = 𝜈𝐷 ⋅ 𝑒𝑥𝑝[−𝐸𝐷∕𝑘𝐵𝑇 ] where 𝜈𝐷
is a vibrational frequency, 𝐸𝐷 is the activation energy for group III
adatom detachment. Adatoms, after leaving the droplet, react with the
As on the surface and are incorporated into the crystal. Therefore,
the nanodroplet volume evolution can be described as determined by
the Ga adatoms detachment rate 𝑅𝐷. Due to the loss of Ga atoms
by detachment from the droplet perimeter, the volume of the droplet
𝑉 decreases during the annealing: 𝑑𝑉 ∕𝑑𝑡 = −𝑉 1∕3𝑅𝐷. This sets the
droplet lifetime 𝑡𝑅, together with the boundary conditions 𝑉 (𝑡𝑅) = 0
(the metal in the droplet fully depleted) 𝑉 (0) = 𝜃∕𝑁 , the initial droplet
volume, where 𝜃 is the metal coverage and 𝑁 is the droplet density.
The latter, according to island nucleation theory, follows the law: 𝑁 ∝
exp[−𝐸𝑁∕(𝑘𝐵𝑇 )]. As a consequence, 𝑡𝑅 = 𝐶𝑅 ⋅ 𝑉 (0)2∕3∕𝑅𝐷, where 𝐶𝑅
being a constant. Therefore, the average nanopit depth 𝑑 etched below
the nanodroplets during the lifetime 𝑡𝑅 is:

𝑑 = 𝑅𝐸 𝑡𝑅 = 𝐶𝑅𝑉 (0)2∕3
𝑅𝐸 . (1)

𝑅𝐷
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Fig. 6. A series: 5 × 5 μm2 AFM topography images of samples (a) A1, (b) A3, (c) A5.

We can extend the model to include prediction on the actual aspect
ratio AR (depth/width) of the nanopit. The electronic structure of the
QDs, fabricated by infilling the nanopits, is strongly influenced by the
AR of the pits. Taking into account that the nanopit is starting to form
from the droplet edge and the droplet diameter 𝐷 depends on 𝑉 (0) as
𝐷 = 𝛼𝑉 (0)1∕3, where 𝛼 is defined by the actual wetting angle of the
droplet, we derive the 𝐴𝑅 of the nanopit:

𝐴𝑅 = 𝑑
𝐷

=
𝐶𝑅𝑉 (0)2∕3

𝛼𝑉 (0)1∕3
𝑅𝐸
𝑅𝐷

= 𝐶𝑅
𝐷
𝛼2

⋅ exp[−(𝐸𝐸 − 𝐸𝐷)∕𝑘𝐵𝑇 ] = 𝐶1(𝑇 ) ⋅𝐷

(2)

Here, term 𝐶1(𝑇 ) depends on the substrate temperature 𝑇 :

𝐶1(𝑇 ) =
𝐶𝑅

𝛼2
⋅ exp[−(𝐸𝐸 − 𝐸𝐷)∕𝑘𝐵𝑇 ] = 𝐶2 ⋅ exp[−𝐸𝐴∕𝑘𝐵𝑇 ]. (3)

where 𝐶2 = 𝐶𝑅∕𝛼2 is a constant and 𝐸𝐴 is a difference between etching
and diffusion activation energies.

4.2. Temperature series

The temperature-dependent nanopit density reveals a deviation in
the slope of the Arrhenius plot (see Fig. 3a), indicating the involvement
5 
Fig. 7. A series: the dependencies of (a) the nanopit density and (b) the nanopit depth
on 𝛩𝐺𝑎. 𝑇𝑠 and 𝐹𝐺𝑎 during the fabrication of the sample series are 540 ◦C and 0.5 ML/s,
respectively.

of additional factors in determining nanopit formation. The substantial
reduction in nanopit/dot density with increasing temperature, as ob-
served above 550 ◦C, has previously been attributed to the Ostwald
ripening effect or droplet coalescence [31,37,42,48]. In both cases
larger droplets are expected, thus leading to deeper nanopit forma-
tion [30]. In our case, the sharp change in density above 550 ◦C
is linked to a reduction in nanopit depth (see Fig. 3b). Notably, for
sample T7 grown at 580 ◦C, the nanopit depth dips below 1 nm,
making reliable statistical analysis challenging. This unusual behavior
may originate from surface roughening of the InGaAs MMBL, induced
by intense indium desorption at such elevated temperatures [49]. This
surface roughening significantly impacts the dynamics of adatom in-
corporation and, in turn, droplet formation. Samples affected by the
indium desorption (T6 and T7) are highlighted by orange in Fig. 3.

In the temperature range of 460–540 ◦C, the measured activation
energy of the nanopit density is 𝐸𝑁 = 0.24 eV. This value is notably
lower than those observed for nanopit formation using Ga droplets on
AlGaAs(001) (𝐸𝑁 = 0.54 eV [44]) or AlGaSb(001) (𝐸𝑁 = 0.51 eV [47]).
Moreover, it is significantly lower than the droplet nucleation ac-
tivation energy of Ga droplets on vicinal (𝐸𝑁 = 0.47 eV at low
temperature and 1.47 eV at high temperature) [24] and singular (𝐸𝑁 =
1.13 eV) [27] GaAs(111)A. The lower 𝐸𝑁 value between droplets
and nanopits is related to the presence of an adatom leakage channel
related to the presence of an As background. A substantial fraction of
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Fig. 8. Depth and width distributions of nanopits of samples (a)–(b) T1, (c)–(d) T3, and (e)–(f) T5.
the deposited Ga adatoms is incorporated in the substrate by reaction
with the active As sites induced by As adsorption, thus changing the
deposition conditions from complete condensation, as in the case of
droplet deposition in Refs. [24,27], to incomplete condensation [50].
An additional contribution to 𝐸𝑁 reduction could be attributed to the
presence of indium in the MMBL layer, which allows for a decrease
in diffusion activation energy [51]. A closer examination calls for an
additional process for the reduction in 𝐸𝑁 compared to those related
to Ga droplet nucleation on GaAs(111)A.

Fig. 8 shows the nanopit depth and width distributions of samples
T1, T3, and T5. The nanopit width distributions exhibit a moderate shift
in their centroid, from 85 to 65 nm, as the temperature decreases from
540 ◦C to 460 ◦C (see Figs. 8b, d, f). This aligns with the observation
that substantial changes in droplet volumes have a minor effect on
droplet radius. The anticipated change in nanopit width D over the
entire temperature range is negligible, as 𝐷 ∝ 𝑉 (0)1∕3 = 𝛼(𝜃∕𝑁)1∕3 [30],
and the measured density decreases by 1.4 times from 460 to 540 ◦C.
Therefore, the expected width should increase by only 3

√

1.4 = 1.12
times, consistent with our data.

Conversely, the depth distributions undergo a more pronounced rel-
ative shift towards lower values at lower temperatures, with an average
value decreasing from 10 at 540 ◦C to 4 nm at 460 ◦C. This aligns
with expectations from the thermally activated droplet etching process
6 
(Eq. (1)). However, the reduced etching rate influences the nanopit
depth distribution, altering its shape and progressively eliminating its
shallow tail, as such low nanopit depth becomes comparable with the
surface roughness. This effect causes the measured nanopit density
at low temperatures to be lower than the actual droplet density, as
shallower nanopits remain undetected. The phenomenon contributes to
reducing the actual nanopit density, thus resulting in a decrease in the
measured density and the 𝐸𝑁 value as well.

According to Eq. (2), AR should depend linearly on their width 𝐷.
The AR dependence on 𝐷 at different temperatures is reported in Fig. 9.
Due to the noisy distribution of the original data, the reported values
are the averages of the AR of the nanopits falling into different bins.
The bin size is 20 nm, spanning from 0 to 250 nm. Moreover, if inside
the bin there were fewer than three data points, it was not considered
statistically reliable and not included in the final analysis. The AR data
show that the linear dependence on 𝐷 is maintained in the whole
temperature range. The 𝐶1(𝑇 ) coefficient of the linear interpolation of
the data is reported in Table 2. By plotting the temperature dependence
of 𝐶1(𝑇 ) (see Fig. 9b), we calculated the difference between etching
and diffusion activation energies 𝐸𝐸 −𝐸𝐷 ≈ 0.5 eV. The AR fit permits
disentangling the activation energy of the etching process from that
of the adatom diffusion 𝐸𝐷. Additional measurements of the diffusion
activation energy (see. e.g. [24,52,53]) would permit to disentangle the
two phenomena.
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Fig. 9. (a) AR dependence on nanopit width for T series samples. (b) Temperature dependence of 𝐶1(𝑇 ). (c) AR dependence on nanopit width for F series samples. (d) AR dependence
on nanopit width for A series samples.
Table 2
𝐶1(𝑇 ) of samples T1–T6.

Sample 𝐶1(𝑇 ) ⋅ 104

T1 (460 ◦C) 4.5 ± 0.5
T2 (480 ◦C) 7.3 ± 0.5
T3 (500 ◦C) 8.8 ± 0.7
T4 (520 ◦C) 11.1 ± 0.4
T5 (540 ◦C) 13.4 ± 0.8
T6 (560 ◦C) 13.7 ± 0.8

4.3. Ga flux and Ga amount dependence

The selection of the temperature of 540 ◦C for the Ga flux and
Ga amount series was deliberate, as it allows, according to T series,
for the optimal achievement of the largest AR within the temperature
range studied. This facilitates a more straightforward observation of the
nanopit formation.

In the Ga flux series, samples F1 and F2, processed with a Ga
flux below 0.3 ML/s, exhibit no measurable nanopit formation on
the surface (refer to Fig. 4a). According to basic calculations [54],
the As4 flux during the nanopit etching process in this work (BEP
≈ 1 × 10−7 torr) is equivalent to 0.2 ML/s. Consequently, all the Ga
adatoms deposited in F1 and F2 are incorporated into the surface, and
the droplet formation is suppressed. At higher Ga flux levels, nanopits
are observed.

Fig. 5b shows that there is no visible alteration in the average
nanopit depth, indicating the thermally activated nature of the nanopit
formation process. The density of these nanopits scales by a factor of
2.1 between sample F3 (0.3 ML/s) and sample F6 (1 ML/s). Applying
classical nucleation theory [24,39,50], where the droplet density is
expressed as a power dependence, 𝑁 ∝ 𝐹 𝑝, the exponent 𝑝 can be
estimated from the observed Ga flux dependence data (refer to Fig. 5a):
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𝑝 = 0.67 ± 0.06. Considering the high Ga flux and temperature during
Ga deposition, it becomes feasible to estimate the critical cluster size
𝑖 [24,39,50]. By accounting for initially incomplete condensation [50],
as the presence of the background As pressure introduce a loss channel
in the adatom density, the relationship 𝑝 = 2𝑖∕5 yields 𝑖 = 5𝑝∕2 = 1.675±
0.150. This estimate aligns with findings from previous works [24,27].

Surface topography analysis indicates that the nanopit density de-
creases with the increasing Ga coverage 𝛩𝐺𝑎, as shown in Fig. 7a. This
phenomenon is ascribed to the Ostwald ripening [42,55] and coales-
cence of droplets due to droplet motion [56] during Ga deposition, the
latter evidenced by the presence of trenches following droplet move-
ments and the fusion of multiple nanopits. The coalescence process
results in an increase in droplet sizes, thus influencing the sizes of
nanopits and causing an increase in the width of the size distribution
(Fig. 7b).

The AR dependence for both F and A series samples (see Figs. 9c and
d) reveals a consistent trend: there is no discernible change in the linear
coefficient 𝐶1(𝑇 ) depending on 𝐹𝐺𝑎 and 𝛩𝐺𝑎. Despite the huge change
in the nanopit size, AR still shows a linear dependence on the droplet
diameter with a coefficient that depends solely on the crystallization
temperature.

4.4. Nanopit shape

The morphology of nanopits on the (111)-oriented surface closely
adheres to its inherent symmetry, as illustrated in Fig. 10. These
nanopits exhibit a pyramid shape with an equilateral triangle base,
where the edges of the triangle align parallel to the ⟨110⟩ directions.
The high degree of symmetry is evident in the topography profiles of
individual pits, as depicted in Fig. 10b. Notably, the specific facets of
these inverted pyramids remain undetermined due to the variability in
depth achievable with the same base size, as discussed in Section 4.2.
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Fig. 10. (a) 2 × 2 μm2 AFM topography image of sample T5. The inset shows a magnified image of a single pit. (b) Topography profiles of a single pit in the inset in (a) taken
parallel to ⟨1 1 2⟩ directions.
These triangular pyramids bear a resemblance to V-grooves and
inverted pyramids formed through a wet chemical etching process on
GaAs(111)B substrates [57]. However, in the wet etching, the facets of
the pyramids are determined by the (111)A surfaces. This is attributed
to the etchant encountering (111)A surfaces, resulting in a substantial
reduction in the etching rate. In the nanopit etching by droplet, a
similar expectation exists for the pyramids to reach (111)A facets;
however, the etching rate is slow, and the available droplet material
is insufficient to attain these facets.

A notable distinction in the etched nanopits on the (111) surface is
the absence of an outer ring or disk nanostructure around each pit, in
contrast to the (001)-oriented surface [29–33,37,43–47]. The formation
of the ring-like nanostructure in the latter case is attributed to the
(111)-front direction of GaAs crystallization initiating from the droplet
edge, inclined at a 55◦ angle to the (001) direction [58,59]. Conversely,
on the (111)-oriented surface, the epilayer growth direction coincides
with the liquid-crystal interface growth direction. This alignment re-
sults in adatom diffusion and absorption by kinks and step edges, which
are more prevalent on the (111)-oriented surface, especially on the
vicinal one.

5. Conclusions

The presented study provides a comprehensive analysis of the
etched nanopit formation by Ga droplets on (111)-oriented surfaces
in the context of InGaAs MMBL. The investigation spans a range of
experimental conditions, including 𝑇𝑠, 𝐹𝐺𝑎, and 𝛩𝐺𝑎 variations.

The observed nanopit morphology, featuring pyramid-shaped struc-
tures with equilateral triangle bases, aligns with the inherent symmetry
of the (111)-oriented surface. The absence of an outer ring or disk
nanostructure distinguishes these nanopits from their counterparts on
(001)-oriented surfaces. The unique geometric characteristics are at-
tributed to the interplay between the droplet-based etching process and
the crystallographic orientation of the substrate.

The proposed etching model in this study, built upon the work
of Heyn and colleagues [30], successfully integrates island nucleation
theory with the thermally activated etching process. The model elu-
cidates the dynamics of nanopit formation, including aspects such as
droplet nucleation, substrate etching, and adatom detachment from the
droplets. The resulting equations facilitate predictions of nanopit depth,
width, and aspect ratio based on the experimental parameters. In par-
ticular, we extended the model to predict the nanopit AR dependence
on droplet size at different deposition conditions.

Temperature-dependent studies of the nanopit density reveal a de-
viation in the Arrhenius plot, suggesting additional factors influencing
nanopit formation, such as Ostwald ripening, coalescence, droplet mo-
tion, and surface roughening at high temperatures. The activation
energy for nanopit density is determined to be 𝐸 = 0.24 eV in the
𝑁
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temperature range of 460–540 ◦C, a value notably lower than those
reported for droplet formation on other substrates. We interpreted such
reduction as stemming from the combined effect of the incomplete
condensation regime and of the limited etching that takes place at
low 𝑇𝑠 and reduces the measurable nanopit density with respect to the
pristine droplet density.

𝐹𝐺𝑎 and 𝛩𝐺𝑎 series further demonstrate the interplay between ex-
perimental parameters and nanopit characteristics. The absence of
nanopits at low Ga flux is attributed to Ga adatom incorporation
into the substrate, preventing droplet formation. The density and size
of nanopits increase with higher 𝐹𝐺𝑎, showcasing the significance of
droplet availability in the etching process. The AR of nanopits remains
linearly dependent on droplet width across different temperatures, 𝐹𝐺𝑎
and 𝛩𝐺𝑎, revealing a consistent relationship in agreement with the
presented model. The linear coefficient 𝐶1(𝑇 ) in this relationship is
found to be dependent solely on the substrate temperature, providing
insights into the thermally activated nature of the etching process.

In summary, this work contributes to the understanding of the
nanopit formation process on (111)-oriented surfaces and offers valu-
able insights into the intricate interplay between experimental condi-
tions and resulting nanostructures. The proposed etching model pro-
vides a framework for predicting and engineering nanopit characteris-
tics, facilitating advancements in the field of semiconductor quantum
dot fabrication through LDE.
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