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Abstract

Local droplet etching and subsequent refilling enables the fabrication of highly symmetric
quantum dots with low fine structure splitting, suitable for generating polarization entan-
gled photons. While well established in GaAs/Al,Ga;_,As, this approach does not yield
emission in the telecom bands required for low loss fiber-based quantum communication.
To achieve emission at 1.55 um, local droplet etching must be adapted to alternative mate-
rial platforms such as InP. Here, we systematically investigate how the etching material
deposition rate and etching time influence nanohole morphology in Ing 5, Alp 4gAs layers
lattice-matched to InP. In the first experiment, InAl was deposited at fluxes of 0.2-4.0 A s~
at T, = 350 °C and 460 °C. Lower fluxes produced nanoholes with lower density and
larger ring diameters, indicating fewer and larger initial droplets, consistent with scaling
theory. The average nanohole diameter decreased monotonically with increasing flux,
whereas the average depth showed no clear dependence on flux. In the second experiment,
etching times of 30-600s were tested for InAl, In, and Al droplets. Average nanohole
diameters remained constant for Al across all etching times, but decreased for In and InAl
with increasing etching time, suggesting sidewall redeposition during etching. For all
droplet types, depths peaked at intermediate times and decreased for prolonged etching,
consistent with material diffusion into the nanohole after droplet consumption.

Keywords: molecular beam epitaxy; local droplet etching; InP system; nanoholes;
self-assembly; atomic force microscopy; semiconducting III-V materials

1. Introduction

Emerging quantum technologies rely on the efficient generation, transmission, and
reception of single photons for information exchange between individual devices, e.g., quan-
tum key distribution [1]. Semiconductor quantum dots (QDs) are prime candidates for
high-quality photon sources, offering on-demand single photons and polarization entan-
gled photon pair generation [2,3]. Among the established QD fabrication techniques, local
droplet etching (LDE) has proven especially promising. GaAs/Al,Ga;j_,As QDs produced
by LDE have been shown to produce entangled photon pairs with very high fidelity [4-6]
and photons able to be interfaced with Rb vapor as quantum memory [7]. They are at the
moment the gold standard regarding generation of polarization entangled photon pairs.
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However, due to the band gap energies of GaAs and AlAs, GaAs/Al,Ga;_,As QDs
cannot yield emission in the telecom bands, where optical fiber attenuation is minimal. To
realize LDE QD sources operating in the telecom C-band (~1.55 pm), LDE must be adapted
to alternative material platforms, such as GaSb [8] or InP [9]. Recently, we demonstrated
LDE QD fabrication employing InP/Ing 5p Al 4gAs/In,Ga;_,As and investigated several
parameters influencing nanohole etching in this system [9,10].

In the present work, we extend this investigation through two experimental studies
to analyze the nanohole etching process. In the first series, we examined the effect of the
etching material deposition rate by varying the Ing 5p Al 48 (abbreviated to InAl) deposition
rate between F, 4; = 0.2 and 4.0As™! at two etching temperatures (T,;;, = 350 °C and
460 °C) for a fixed InAl amount of 6;,,4; = 1.4ML. In the second series, we studied the
influence of the etching time (.., = 30-600s) for nanoholes created from InAl, In, and Al
droplets at T,;.;, = 435°C.

2. Experimental Details

All samples utilized in this study were grown on InP (100) wafers using a III-V
solid source molecular beam epitaxy (MBE) system Octoplus 500 by Dr. Eberl MBE-
Komponenten GmbH, Weil der Stadt, Germany. The MBE system is equipped with effusion
cells as sources for group Ill materials and a valved arsenic (As) cracker source to ensure
precise control over the arsenic flux and enabling growth under tetrameric arsenic (Asy)
or dimeric arsenic (As;) conditions. The substrate temperature was measured by using
band-edge thermometry, implemented via a BandiT system [11]. For sample preparation,
the wafers were initially heated to 540 °C under an As; flux of pasp = 2 x 102 mbar for
deoxidation. While this leads to the formation of a monolayer thin InAs layer, due to
the exchange of P and As atoms, it has been shown that the crystal structure is retained
between InP substrate and Ing 5, Alg 43As layers grown directly after removing the native
oxide under excessive As pressure [12]. Following this step, the temperature was decreased
to 505 °C, and a 100 nm Ing 5p Al 48 As layer, lattice-matched to the InP substrate, was grown.
The substrate was then cooled to the etching temperature T, and the As valve opening
was reduced to provide an As; flux of p45 =2 X 10~7 mbar, which was measured prior to
each run using a beam flux monitor (BFM).

For the etching time experiments, the etching temperature was set to T, = 435°C,
an etching temperature known to produce nanoholes with good in-plane symmetry and
a suitable depth for QD formation [10]. A nominal coverage of § = 1.4 ML InAl, In, or
Al, respectively, was deposited within 2s for InAl and 4s for In as well as Al, respec-
tively. The deposition times correspond to the growth time required to grow 1.4 ML of
Ing 5pAlg 4gAs, InAs, or AlAs, respectively. This was followed by an etching step, i.e., a
break at T, and the reduced As flux of ps; = 2 x 1077 mbar, with a varying duration
of toren = 30-600s. To terminate etching, the As, flux was raised to ps; = 2 X 107> mbar
and 4 ML of Ing 5p Alp 48As were deposited to conserve the etched nanoholes, as described
in Ref. [10]. The samples were then reheated to 505 °C—as this is the temperature we
would utilize for nanohole filling in quantum dot fabrication experiments—before cooling
to 200°C.

For the etching material deposition rate study, 0,47 = 1.4ML InAl were de-
posited over 20, 6.7, 2 or 1s, corresponding to an InAl flux range from Fj,4; = 0.2 to
Froa = 4.0As™ 1, at T,y = 350 or 460°C, respectively, followed by an etching step of
teren = 180s. In this series, the Asp flux was not increased to stop the etching process,
because the conservation of the nanoholes with Ing 5, Alp 43As deposition rates other than
2 As~! has not yet been tested and the Ing 5p Al 4gAs layer deposition would have been
done with the same cell as the droplet deposition. For that reason, all samples were cooled
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with 30 °C min~! to 200 °C under an As; flux of pas; = 2 x 1077 mbar. The etching probably
continued during this cooldown to some extent, especially for the T, = 460 °C samples.

Finally, all samples were removed from the MBE system and analyzed ex situ. We
utilized high-resolution X-ray diffractometry (HRXRD) to confirm the composition of
the Ing 5pAlg 48As layers (see Supplementary Material for an example) and atomic force
microscopy (AFM) to measure the produced nanohole structures. For HRXRD, we used a
SmartLab with a 9 kW rotating copper anode by Rigaku Corporation, Tokyo, Japan and for
AFM a DIMENSION icon XR from Bruker Corporation, Billerica, USA, which was operated
in tapping mode. For each sample, n = 20 nanoholes were analyzed by measuring the
depth h, ring height 4, nanohole diameter d, and ring-hole structure diameter r. h was
measured from the lowest point in the nanohole to the Ings5pAlg 43As surface level, a from
the surface level to the tip of the ring, and d and r with the surface level as a reference point.
A sketch illustrating the individual dimensions is depicted in Figure 1i.

Deposition rate [A/s]

d [nm]

— . .
2 3 4 40 | (d)  |460°C, 0.6 Ais| 1 2 3 4
T T T 4 T T T T
= - (f) B dyy9/digry —— 350 °C|{ 1.6
=5 ® rpo11y/fryy —— 460 °C| |
z g
14 ®
£
* * @
-200 O 200 127
Distance [nm]
1.0

—
40 460 °C, 0.6 Als| ] Q)
_. 20 . . —X~350°C, 10 nm| |
£ —X—460 °C, 30 nm =
g 0 o,
N = T 4152
(DE

T -200 0 200 L

200 _\\\4 —& §- i
— . T H Distance [nm] 1 2 :I% e
(c) :
80 -7 iy
o [t | [a)

B —[0711]
=60 |-# - — 460 °C, 2 Als I : I
-E. - —a— 350 °C g ] Ia

w0l —m— 460 °C i N w

. _’\/4_ v 10, 30 nm

-200 0 200
Distance [nm]

Figure 1. (a—c) Average nanohole diameter d, ring diameter r, and nanohole depth &, respectively,
as a function of the InAl deposition rate for samples etched at T, = 350 °C and T, = 460°C,
respectively. (d,e) Exemplary AFM line scans along [011] and [011] (see legend in (h)) for the two
types of nanoholes formed at T,;;, = 460°C, Fj,,4; = 0.2, and 0.6As L (f) Average diameter ratio
dio11)/d|p1y) for the nanohole and r(g11}/7(o11) for the ring-hole structure, respectively (see (i) for
the exact definition of the dimensions). (g) Average diameter ratio sjy11)/5[piy) in the nanoholes
measured at 10 nm and 30 nm from the bottom of the hole for the T,;;, = 350 °C and T, = 460°C
samples, respectively. (h) Exemplary AFM line scans along [011] and [011] for a single nanohole
from T, = 460°C, F = 2 As~1. (i) Illustration of the dimensions determined from AFM images on
individual nanohole structures. n = 20 nanohole structures were measured for every sample.
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3. Results
3.1. Etching Material Deposition Rate

The etching material deposition rate strongly influenced the overall in-plane size
of the resulting ring-hole structure as well as the nanohole diameters. Figure 1a shows
the average nanohole diameters along the [011] and [011] crystallographic directions as
a function of the employed etching material deposition rate. For both tested etching
temperatures, there was a clear dependence of the diameters on the deposition rate, with
the diameters decreasing with increasing deposition rate. For example, at T, = 350 °C, the
diameters were d|g;7) = (159 £13) nm and djpg;) = (117 £ 14) nm for a flux of F = 0.2 AsL,
Increasing the deposition rate by a factor of 10 to 2.0 As~! resulted in a halving of the
diameters with djg;y) = (83 £6)nm and dp;) = (68 £4)nm. At Ty = 460°C, the
respective values decreased from d|gy;) = (376 & 30) nm and djpy;) = (295 + 38) nm at
F=02As"! todpy; = (201 +19)nm and djg;; = (165 £ 15) nm at 2As7 1. A similar
trend was observed for the overall ring-hole structure, as can be seen in Figure 1b, where
the average diameters r of the whole structure along the [011] and [011] directions are
plotted as a function of the employed deposition rate.

We think this behavior reflects the size of droplets formed during deposition: higher
deposition rates produce smaller droplets with higher density. As discussed in the literature,
the droplet volume is dependent on the total deposition amount 6, the droplet density
n, and the deposition material consumed for wetting the initially As terminated surface
layer 6y, [13]. The number of atoms per droplet ;1 can be approximated by yu ~ (6 — 6y)/n
and the overall droplet volume V with V ~ u(V)y;/ N4 ) with the volume of mol of droplet
material Vs and the Avogadro constant N4 [13]. Based on scaling theory [14], we assume
that the density n depends on the deposition flux F (as well as 6, the diffusion coefficient D,
and material-specific constants z and p) n « 8'~2(F/D)?. This means that n should show
a proportional and V' (and the droplet diameter) an anti-proportional dependence on the
Flux F:

no«F, 1)
14 1 2
& ()

Equations (1) and (2) are consistent with our experimental observations: With an
increased flux, we observed a linear increase in the density of the nanoholes on the surface
(see Ref. [15] for details), and the decrease in ring-hole structure diameter indicates a smaller
initial droplet volume. This assumption is also supported by ring height 2 measurements:
for T, = 460 °C, the average height decreases from a = (23 £ 6)nm at F = 0.2 As 1o
a=(11+6)nmatF =40As"1.

In contrast to diameter, nanohole depth did not scale straightforwardly with the
etching material deposition rate. Figure 1c shows the average nanohole depth & as a
function of the deposition rate for the two tested etching temperatures. For both etching
temperatures, we have observed similar behaviors in the change of the depth: h first
increased from F = 0.2 to 0.6 A s~!, then decreased at F = 2.0 As~!, and increased again at
F = 4.0 As~!. This non-monotonic behavior is unexpected if depth were solely determined
by droplet size. Here we see that both temperatures show a similar trend that is only offset
by the temperature dependency, where higher temperatures lead to deeper nanoholes [10].
The observed non-monotonic behavior cannot be explained only by statistical variation,
since, especially at the lower temperature of T,;.;, = 350 °C, the nanohole depth variation
for a given deposition rate is quite small. The reason for this non-monotonic behavior is
not yet understood.
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For the T, = 460 °C, we observed at F = 0.2 As land F = 0.6 As~! the formation
of two different type of holes, which led to the significant deviation from the average depth
seen at these data points. Figure 1d,e show selected AFM scans from the T, = 460 °C,
F = 0.6 As~! set, which depict two nanoholes that represent these two types. The first type,
as shown in Figure 1d, were deeper nanoholes with a rounded bottom and the deepest
point in—or close to—the center. The other type, as shown in Figure le, were nanoholes
that were a bit shallower, but their main attribute was that they were quite flat at the bottom.
Measurements by scanning electron microscopy (SEM) confirmed that these two types
of nanostructures are not formed due to In and Al separation (see [16]). The shallower
nanoholes resemble early-stage etch morphologies and may have resulted from insufficient
etching time relative to the available liquid etchant volume.

We further investigated the symmetry properties of the etched structures by analyzing
the diameter ratios of nanoholes and ring-hole structures. Figure 1f depicts the average
diameter ratio of nanoholes (d|o11] /dgi;)) and ring-hole structures (r(o11) /7p71]) as a function
of the etching material deposition rate for both tested etching temperatures. T,;;, = 350 °C,
F = 4 A s~ showed the average ratio closest to the optimum value of 1 for the ring-hole
structure with r(g11) /7(977) = 1.01 & 0.05, and 12 of the 20 measured structures showed a
ratio that was within (1.00 = 0.03). The rings tended to be slightly elongated, but there
was no clear preference for a crystallographic direction at this temperature. However, we
saw that increasing the temperature to T, = 460 °C led to a clear change of the ring-hole
structure. At Ty, = 460°C, F =4 As™1 only 3 of the 20 measured structures were within a
ratio of (1.00 + 0.03), and the other 17 were all elongated in the [011] direction. We assume
that this is due to a strong asymmetry of the adatom agglomeration during the initial droplet
formation, either due to an imbalance of diffusion or atomistic incorporation along the [011]
and [011] directions activated by an increase in temperature during droplet deposition [15].
For the overall nanohole diameter, we observed the reverse effect. The elongation of the
nanoholes decreased with increasing T,;.;,, which we attribute to a temperature dependence
on the etching speed of the crystallographic facets [17]. While there was a clear temperature
dependence on the nanohole and ring structure elongation, this was not the case for the
flux at the tested parameters. While there is some variation in the values between samples,
a general trend was not discernible.

To test the viability of the etched nanoholes as bases for symmetric QDs we measured
the hole diameters s at 10 nm and 30 nm measured above the lowest point of the nanohole
for Ty, = 350 °C and Ty, = 460 °C, respectively (see Figure 1g). For fluxes between 0.2
and 2 As!at T, = 350 °C, the diameter showed strong elongation even for only 10 nm of
potential filling. This improved significantly for the F = 4 A s~ set with an average ratio of
(1.12 £ 0.06), but 18 of the 20 nanoholes showed diameter ratios of more than 1.05. As such,
the parameters of the T, = 350 °C set are not a good choice for symmetric QD fabrication.
However, nanoholes etched at higher temperatures exhibit better symmetric properties.
Here, the samples of T, = 460 °C with F = 2 and 4 A s~ exhibit favorable symmetry for
filling up to 30 nm. For both samples, 12 of the 20 measured nanoholes had a diameter ratio
below 1.05, where the F = 4 A s~! sample exhibited lower diameters overall (F =2 As~!:
dio11] 30nm = (66 % 6)nm, djg1y) 30nm = (64 6)nm; F =4 As™": djg1)30nm = (47 £ 4) nm,
(011, 30nm = (47 + 5) nm). A selected line scan from the T,y = 460°C with F = 2As~1is
shown in Figure 1h.

In-plane symmetry and the overall size of QDs strongly influence their optical proper-
ties [5,18,19]. As such, we conclude that the material flux during droplet deposition is an
important parameter to control the droplet size and the resulting nanohole morphology,
when aiming for nanoholes as excellent bases for highly symmetric QDs.
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Etching time [s]

3.2. Etching Time

Figure 2a—c presents the etching depth / as a function of the etching time f,;., for
samples etched with InAl, In, and Al, respectively. For the InAl droplet series, & in-
creased approximately from t,;;, = 30 to 180, reaching a maximum at ., = 180s with
h = (33.2+2.5) nm. For longer etching times, i decreased slightly reaching a plateau by
teren = 3605, as there was no significant change when compared to the longest tested
etching time of f,;.;, = 600s.
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Figure 2. (a—c) Average lateral etching depth as a function of the etching time for InAl-, In-, and
Al-etched nanoholes, respectively. Al etching produced two distinct types of nanoholes, which were
separated by their ring diameter into two separate statistical sets. (d-f) Average nanohole diameters
along the [011] and [011] crystallographic directions as a function of the etching time for InAl-, In-,
and Al-etched nanoholes, respectively. (g) Examplary AFM image of a sample etched with Al for
teren, = 30s, showing the bimodal distribution of nanoholes on the Al-etched samples.

The In etching series exhibited a similar trend at longer etching times: I peaked
between t,;;, = 270 and 360s at (49.1 +2.1) nm and (49.4 £ 4.0) nm, respectively, followed
by a decline in depth at t,;.;, = 600s. However, the initial evolution differed from the InAl
case. For f,;, = 30 to 135s, the majority of nanoholes were shallow and exhibited flat
bottoms. With increasing t,;j, the fraction of “proper” nanoholes—defined here as those
with a rounded bottom—increased, reflected in the greater scatter of the data at t,;;, = 90
and 1355s. After that, & increased quickly at t,;.;, = 1805, and the shallow and flat nanoholes
vanished. The sudden increase in / at f,;;, = 180s was then followed by slower etching
until .., = 270s.

For the series with Al droplets, we observed the formation of two types of nanoholes
at the selected fabrication parameters for all samples, as can be seen in the AFM scan in
Figure 2g. The size difference in the structures indicates the formation of droplets with
bimodal size distributions, and we separated the nanoholes by their ring-hole structure
diameters into sets of small (ring-hole diameter r(g;;; < 250nm) and large nanoholes
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(ring-hole diameter r[g);) > 280nm). The amount of larger nanoholes was about double
that of the smaller ones, and statistical analyses performed for each set separately and
both sets combined yielded the same overall trends. For large nanoholes, & increased
rapidly up to t,;, = 60s, then more gradually until t,,;, = 135s, reaching a plateau at
h = (59.1 &+ 3.4) nm that persisted until ¢, = 225s (h = (59.5 £ 5.6) nm). Thereafter, the
depth decreased for longer etching times—like with InAl and In droplets—and plateaus up
to the longest tested etching time of t,.;, = 600s.

For the set of small Al nanoholes, the average depth was h = (30.4 £ 6.0) nm at the
smallest tested etching time t,;, = 30s, indicating a higher initial etching rate than for
large set of nanoholes. However, subsequently / did not increase as much, likely due to
the smaller initial droplet volume. The depth peaked between t,;.;, = 180 and 360 s, before
decreasing at t,;.;, = 600s.

Figure 2d—f show the average nanohole diameters along the [011] and [011] crystal-
lographic directions as a function of the etching time ¢, for InAl, In, and Al droplets,
respectively. In all cases, the nanoholes showed an elongation in the [011] direction, con-
sistent with our previous observations [9,10], which is very likely linked to a difference in
etching speeds for different crystalline facets [17]. For InAl droplets, the diameter in both
directions decreased with increasing etching time, reaching a minimum at t,;.;, = 360s. For
even longer etching times, the diameter appears to be slightly increasing again.

In etching exhibited a qualitatively similar trend. The values for the nanohole diam-
eters decreased to a minimum at t.;, = 2255, followed by a gradual increase for longer
etching durations.

In contrast, nanoholes formed from Al droplets showed no statistically significant
diameter variation over the entire investigated etching time range (t.;;, = 30-600s). There
are some statistical fluctuations in the average diameters sample-to-sample, but overall
there is no indication of a systematic trend.

4. Discussion

To interpret the results from testing the influence of etching time, we first recall the
established framework of droplet etching in III-V semiconductors [20-22]. The process can
be divided into two distinct phases.

4.1. Phase I—Drilling and Excavation

During this first phase, the liquid group III droplet dissolves the underlying semi-
conductor, effectively “drilling” into the surface. As atoms from the substrate diffuse into
the droplet, due to the As gradient between droplet and semiconductor layer, and the
layer below the droplet “liquifies.” The outer shell of the droplet crystallizes with the As
present in the droplet, resulting in the ring-like structure surrounding the nanohole [21].
Simultaneously, group III atoms from the droplet diffuse outward over the semiconductor
surface, while group III species on the surface diffuse inward into the droplet. The residual
arsenic pressure regulates this exchange, since adsorbed arsenic rapidly crystallizes surface
group III atoms, immobilizing them [22]. Phase I ends when the droplet is fully consumed
and the etch process stops [20].

4.2. Phase 11—Refilling

Once the droplet is gone, the hole has reached its maximum depth, and material
diffusion from the nanohole towards the surrounding surface ceases. However, adatoms
from the surrounding surface can still diffuse into the nanohole, gradually refilling it [20].
This leads to a measurable reduction in depth for extended etching times—a feature
observed here for all three droplet types under the employed conditions.
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4.3. Al Droplets

The initial evolution of nanoholes produced by Al droplets on InAlAs parallels that of
Ga droplets on GaAs [23]: holes first appear shallow with flat bottoms, then deepen and
develop a rounded profile (Figure 3a). The in-plane diameter remains essentially constant
for all t,, investigated (30—-600s), implying strong dependence on initial droplet size and
negligible lateral material redistribution during etching. For holes formed from larger Al
droplets (classified earlier by ring diameter), drilling is rapid during the first 60 s and then
slows, ceasing around ¢, = 135s. For holes from smaller droplets, the depth is already
h = (30.4 + 6.0) nm at the shortest etching time measured and increases only modestly to
h = (41.0 +5.8) nm at t,;, = 180s. This indicates that, for Al droplets, most excavation
occurs early during the etching process.
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Figure 3. (a,b) Line scans along [011] of selected nanoholes from Al and In etching, respectively. The
nanoholes are chosen to represent the statistical average from their respective measurement set.

4.4. In and InAl Droplets

In contrast, nanoholes from In droplets show little change in depth during the first
60's, despite also having flat bottoms initially (Figure 3b). Between t,;;, = 90s and 180s,
the flat-bottomed holes rapidly transform into deeper, rounded ones, indicating a sudden
increase in drilling rate. The depth then remains nearly constant thereafter, consistent with
entry into Phase II. Notably, we observe a simultaneous reduction in in plane diameter in
both [011] and [011] directions, along with changes in the inner wall morphology. The InAl
droplets exhibit similar diameter reduction trends to In droplets, along with comparable
changes in wall morphology.

The decrease in nanohole diameter for In- and InAl-derived holes suggests that,
unlike in the Ga-on-GaAs system [22,23], not all dissolved substrate material diffuses
radially outward onto the semiconductor surface. Instead, part of it appears to redeposit
on the inner sidewalls, effectively narrowing the hole. Why this behavior occurs only
when In is present in the droplet remains unclear, but it may be related to differences
in surface diffusion kinetics, binding energies, or facet-specific reconstruction behavior
in In-containing alloys. This might indicate strong differences in the composition of the
sidewalls inside the nanoholes depending on the chosen etchant. For QD fabrication,
this would result in differences in confinement, even if etching parameters were adjusted
to generate nanoholes with the same shape for different etchants. Incorporation of the
Al etchant into the sidewalls of nanoholes etched into Al,Ga;_;As has been recently
demonstrated leading to asymmetries in the resulting QDs influencing the excitonic fine
structure splitting [19]. Thus, future studies should investigate the sidewall composition of
droplet-etched nanoholes in Ing 5, Aly 48 As layers, to optimize 1.55um QD fabrication, as
well as to better understand the droplet etching process on InyAl; _, As layers.
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5. Summary

We investigated the morphology of nanoholes formed by local droplet etching on
Ing 5pAlp 48 As for etching times ranging from 30 to 600s. Three droplet compositions—InAl,
In, and Al—were studied, revealing marked differences in etching behaviour.

For Al-etched nanoholes, the average in-plane diameters remained constant across
all etching times, consistent with earlier observations for Ga droplet etching on GaAs [23].
In contrast, both InAl- and In-etched nanoholes exhibited a pronounced decrease in diam-
eter with increasing etching time. We attribute this reduction to redeposition of etched
material onto the nanohole sidewalls during outward diffusion, effectively narrowing the
in-plane opening.

Across all droplet types, the etching depth increased to a maximum at intermediate
etching times f,;.;, and decreased for prolonged etching. This behavior mirrors that reported
for Ga droplets on GaAs and is likely caused by material diffusion from the surrounding
semiconductor surface into the nanohole after droplet consumption [20].

We further examined the influence of etching material deposition rate for InAl at de-
position rates Fy, 4; = 0.2-4.0 Aslattwo etching temperatures, T,;;, = 350 °C and 460 °C.
As predicted by scaling theory [14], lower growth rates produced larger droplets with
lower surface density, and the resulting nanohole and ring structure diameter decreased
systematically with increasing deposition flux. Unexpectedly, etching depth did not exhibit
a simple correlation with the droplet deposition rate, suggesting that additional factors
such as the fixed etching time might have impacted the results.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cryst15110913/s1, Figure S1: Exemplary HRXRD w26-scan of
InAlAs on InP.
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Abbreviations

The following abbreviations are used in this manuscript:

LDE Local droplet etching

QD Quantum dot

MBE Molecular beam epitaxy

AFM Atomic force microscopy

HRXRD High-resolution X-ray diffractometry
SEM Scanning electron microscopy

Ga Gallium

As Arsenic

In Indium

Al Aluminum

P Phosphor
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