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ABSTRACT

GaAs quantum dots (QDs) grown by local droplet etching (LDE) have been studied extensively in recent years. The LDE method allows
for high crystallinity, as well as precise control of the density, morphology, and size of QDs. These properties make GaAs QDs an ideal
candidate as single photon and entangled photon sources at short wavelengths (<800 nm). For technologically important telecom wave-
lengths, however, it is still unclear whether LDE grown QDs can be realized. Controlling the growth conditions does not enable shifting
the wavelength of GaAs QDs to the telecom region. New recipes will have to be established. In this work, we study Indium-Aluminum
(InAl) droplet etching on ultra-smooth IngssAlo4sAs surfaces on InP substrates, with a goal to lay the foundation for growing symmetrical
and strain-free telecom QDs using the LDE method. We report that both droplets start to etch nanoholes at a substrate temperature above
415 °C, showing varying nanohole morphology and rapidly changing density (by more than one order of magnitude) at different tempera-
tures. Al and In droplets are found to not intermix during etching, and instead etch nanoholes individually. The obtained nanoholes show a
symmetric profile and very low densities, enabling infilling of lattice-matched InGaAs QDs on InxAl;_yAs/InP surfaces in further works.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0088012

Epitaxial III-V semiconductor quantum dots (QDs) have
been actively studied for decades.”” They are considered as an
ideal candidate for quantum information processing applications.”
Their electronic and optical properties are highly related to the
growth procedure, making a careful and deterministic development
thereof indispensable. Epitaxially grown QDs can be obtained in
a variety of ways, such as by quantum well thickness fluctuations
(“natural” QDs),° self-assembly using the Stranski-Krastanov (S-K)
method’ or droplet epitaxy (DE),* nanopatterning,” and QD infill-
ing in nanoholes created by local droplet etching (LDE).'” Natural
QDs mostly appear in the GaAs/AlGaAs and GaAs/AlAs quan-
tum wells,”'" where the monolayer thickness fluctuations lead to
the formation of local confinement potentials. The S-K method
relies on a lattice mismatch between the QD and the substrate. The
residual strain fields in the QD as well as their morphology tend
to be inhomogeneous and asymmetric, resulting in an inhomoge-
neous emission broadening and the notorious exciton fine structure

splitting (FSS).'” The latter sets a limitation to the achievable steady-
state entanglement fidelity of polarization-entangled photon pairs
emitted by the QDs."* With careful optimization of the growth
parameters, S-K grown QDs with low FSS have been reported, for
example, in the InAs/InP system.'* Droplet epitaxy was first used
to grow GaAs microcrystals'® and strain-free GaAs/AlGaAs QDs.'°
Both strained and unstrained QDs can be grown via the DE method
with low FSSs at various wavelengths.'>'” Nanopatterning by lithog-
raphy has the advantage of site-controlled growth of QDs.”'*"
However, a number of detrimental effects, such as the interfacial
damages and defects, are unavoidable during the ex-situ etching,
degrading the optical properties of QDs.”’

Another promising method is to infill QDs in the LDE induced
nanoholes. Here, the nanoholes are etched in situ during the sam-
ple growth, thus maintaining a high crystallinity. The LDE method
was first observed during the droplet epitaxy at high temperatures.”’
At sufficiently high substrate temperature and without the supply
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of group V elements, metal droplets act as “electrochemical drills”
and etch nanoholes on the surface due to desorption of group
V elements underneath the droplets. Under such ultrahigh vac-
uum epitaxial conditions, interfacial defects are avoided, leading to
a defect-free “nanopatterning.” The lateral dimension of the etched
nanoholes is much larger than the vertical dimension. After infill-
ing the nanoholes with the target materials, QDs are formed with
the charge carriers weakly confined in the lateral direction. The
QD emission energy can be precisely controlled, simply by adjust-
ing with the infilling amount.'” By infilling the nanoholes with
lattice matched material, strain-free QDs can be obtained. These
properties lead to a highly deterministic set of optical proper-
ties, with ultra-low statistical deviation in the emission wavelength
and FSS.”

Local droplet etching has been systematically studied in the
GaAs/AlGaAs system in the last decade.””* Various droplets, such
as AL’ In,”” Ga,”* and InGa alloys,”” have been reported to etch
nanoholes on GaAs and AlGaAs surfaces. Nanoholes etched by
the Al droplets are more symmetric in morphology than the ones
etched by Ga, resulting in GaAs QDs with ultra-small FSSs’! and
high entanglement fidelities without the need for post-growth tun-
ing.”” QDs formed in the defect and impurity-free nanoholes yield
the purest single photon emission with g? (0) ~ 107 * and a
high single photon indistinguishability of 0.95 (raw value).”” How-
ever, these GaAs QDs emit photons in the 700-800 nm range,
while the envisioned long-haul quantum communication (and, pos-
sibly, the coupling with mature silicon photonics) requires photons
at the telecom O-band or C-band. In this regard, GaSb/AlGaSb
and In(Ga)As/InAlAs/InP-based materials are particularly interest-
ing owing to their small direct band gaps and wide possibilities of
band engineering. QDs emitting at the telecom wavelengths have
been demonstrated with these materials, by using the S-K, DE, and
nanopatterning methods.'®""*” However, it is still unclear whether
the LDE grown QDs can be realized with either GaSb/AlGaSb or
In(Ga)As/InAlAs/InP.** New recipes will have to be established.
There are two main challenges: (1) the growth of lattice-matched
and defect-free layers on the substrate and (2) the LDE etching of
nanoholes.

Here, we study InAl droplet etching of ultra-smooth
IngssAlo4sAs layer grown on the InP substrate, which is a key
prerequisite for strain-free InGaAs QDs emitting at telecom
wavelengths. We notice that, very recently, the LDE etching has
been successfully demonstrated on AlGaSb.”” However, the LDE on
InP or InAlAs has not been reported so far. We find that the LDE
process on InAlAs has a narrower temperature window than on
AlGaSb and AlGaAs systems.””"’ Al and In droplets etch nanoholes
with different morphologies. The depth of the nanoholes increases
with etching temperature, and the nanohole density changes by
more than one order of magnitude within the temperature window.
We, thus, determine the optimum growth conditions for obtaining
smooth surfaces and nanoholes with controllable morphology,
removing a main obstacle to infilling lattice-matched InGaAs in
further works.

The samples are fabricated on semi-insulating InP (001) sub-
strates (Wafer Technology, Ltd.) with solid source molecular beam
epitaxy (MBE, Riber Compact 21) system. The substrate surface is
deoxidized with the appearance of a neat 4 x RHEED pattern under
an As4 flux at 505 °C. The substrate temperature is then decreased

scitation.org/journal/adv

to 455 °C, followed by the growth of a 300 nm Ings,Aly 4 As lattice-
matched buffer layer with a deposition rate of 0.1 nm/s. After that,
200 nm of InxAl;_xAs is deposited as a high bandgap barrier layer.
To perform local droplet etching, the arsenic flux is stopped for 15 s
to create a low As pressure environment. In and Al molecules, with a
nominal total thickness of 0.3 nm, are then supplied together or sep-
arately. A small portion of the metal molecules is consumed by the
background As molecules while flying toward the substrate. Most
of the metal molecules arrive at the substrate and form droplets.
Because of the low arsenic background pressure and the high sub-
strate temperature, the covalent bonds of material underneath the
droplets break. Driven by the concentration gradient, arsenic from
the InAlAs layer migrates to the surface of metal droplets, where it
forms covalent bonds again. This induces the nanoholes on the sur-
face. The residual droplets repeat such process and drill deeper holes.
After two minutes of etching, arsenic is supplied again to react with
the residual metal droplets for another minute. This leads to the crys-
tallization of ring-shaped structures around the nanoholes. Finally,
the substrate is cooled down immediately to maintain the morphol-
ogy of the sample surface. The sketch of the sample structure is
shown in Fig. 1(a).

The first and foremost challenge is to realize a smooth and
strain-relaxed surface for the subsequent droplet etching. This will
be a crucial step to growing strain-free QDs by the LDE method in a
lattice matched system. In addition, a smooth surface allows a con-
trollable and reproducible tuning of the QD emission wavelength
by modifying the infilling amount in the nanoholes.'’ Last but not
least, smooth surfaces with fewer defects are important for achiev-
ing high-quality single QD emissions. The defects may bring trap
states near the QDs, thus creating non-radiative decay channels and
degrading the QD emission. Figures 1(b), 1(d), and 1(f) show the
atomic force microscopy (AFM, Veeco, NanoScope V) images of the
In0,5Alo.5AS IIl()}55A10_45AS and In()'6A10‘4AS surface, respectively. Due
to the lattice mismatching, the In,Al;_xAs layer on InP substrate will
undergo tensile strain if the In content x is <0.52, and compressive
strain if x > 0.52.

In the tensile strain region [x = 0.5, see Fig. 1(b)], cracking
occurs because the accumulated misfit stress exceeds the elastic
limit.*! High density cracks, with a depth of about 1 nm, are formed
along both [110] and [110] directions, resulting in a root-mean-
square (rms) roughness of 0.504 nm. In the compressive strain
region, cross hatch patterns typically occur due to the formation
of misfit dislocations and penetration of threading dislocations.** **
However, in our case, this effect is minimized by introducing the
Ings52Alp4gAs buffer and carefully tweaking the growth condition
for the IngssAlp4sAs layer. The resulting surface is very smooth,
with a minimal thickness fluctuation and an excellent rms rough-
ness of 0.146 nm [Figs. 1(d) and 1(e)]. For the strongly compressed
Ing¢Alp4As layer, the strain relaxation is significant, leading to large
defects along [110] together with some holes [Fig. 1(f)]. This strong
anisotropic strain relaxation was also reported previously.*

The second challenge, which will be addressed in the fol-
lowing, is to demonstrate high-quality droplet etching on the
obtained IngssAlg4sAs layer. According to the previous studies,*
Ings5GagasAs will emit in the telecom C-band at cryogenic tem-
peratures and is therefore an ideal infilling material for realizing
strain-free QDs with the LDE method. To achieve lattice matching,
the barrier material must be carefully chosen. We have shown in
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FIG. 1. (a) Sketch of the sample structure. (b), (d), and (f) Atomic force microscopy images of the InyAly_4As layer grown on InP substrates. Scale bar: 4 um. (c), (e), and
(9) Line profile of the IncAly_xAs layers from (b), (d), and (f).

Fig. 1 that IngssAlo4sAs, which has nearly the same lattice constant by opening the In and Al cell shutters simultaneously. Substrate tem-
to Ings5GagasAs, can be grown with very high quality. Therefore, perature is an important parameter for the etching process. Figure 2
Ing55Alo.45As layers are chosen for the droplet etching studies in the displays the AFM images for the etching results obtained at dif-
following. ferent temperatures. At T = 415°C, only two types of droplets

Inspired by the previous work on InyGa;_x co-droplet etching can be observed at the surface, exhibiting different lateral profiles
of GaAs and AlGaAs layers,”’ we choose InAl droplets for the etch- [Fig. 2(a)]. No nanoholes can be observed. However, when looking
ing of Ingss5Alo45As. In our works, Ing55Alg45 droplets are supplied at the line profiles of these two droplets, a dip in the middle of the

a T=415°C c T=445°C e T =460 °C g T=475°C i T=505°C

h
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FIG. 2. (Upper row) AFM images of the Ings5Alp45As surfaces after InAl droplet etching at different temperatures. Scale bar: (a), (c), (€), and (g) 4 gm; (i) 10 ym.
(Bottom row) Line profile of two different types of structures (indicated by the red dashed squares in the upper row).
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droplet is observable, indicating the starting of the nanohole etching
process [Fig. 2(b)].

According to the previous LDE studies on GaAs QDs at short
wavelengths, we suspect that the covalent bond of InAlAs should
break at a higher temperature so that the As atoms are free dur-
ing the etching process. Therefore, the substrate temperature T is
increased to 445 °C, with the goal to offer enough thermal energy to
break the chemical bonds. Two types of nanoholes are successfully
obtained, with ring-shaped structures of different heights formed
around them [Figs. 2(c) and 2(d)]. By increasing T to 460 and
475°C, the morphology of these two types of nanoholes do
not change significantly, but the hole depths are increased [Figs.
2(e)-2(h)]. At T = 505 °C, the two types of nanoholes merge seem
to together [see also the discussion of Fig. 3(g)] and can be hardly
distinguished by their morphology.

At all etching temperatures, the droplets and nanoholes are
morphologically asymmetric along the [110] and [110] directions:
The ring is higher in the [110] direction while the nanoholes
are slightly elongated along the [110] direction. This is because
the group III atoms diffuse easier along the [110] direction*” during
the As desorption process. The symmetry of the nanoholes defines
the symmetry of the infilled QDs and is therefore related also to the
exciton fine structure splitting in the biexciton-exciton cascade pro-
cess, affecting the polarization entanglement fidelity. The nanohole
symmetries shown in Figs. 2(e) and 2(g) are satisfactory but can be
further optimized by fine tuning the droplet deposition rate as well
as the As pressure during etching.’"*

Noting that two types of droplets or nanoholes exist in the etch-
ing results, we suspect the In and Al droplets do not intermix during
the etching process. This observation is clearly contrary to the previ-
ous results on the InGa droplet etching of GaAs and AlGaAs layers.*’

a In etching c

s

T=415°C

Back-scattered electron

Secondary electron

scitation.org/journal/adv

To confirm this, we performed a set of LDE experiments with either
In or Al droplets, all at a temperature of 445 °C. The AFM images
after the In etching and Al etching are shown in Figs. 3(a) and 3(b),
respectively.

Instead of two types of nanoholes as in Fig. 2(c), now only
one type exists in each sample. For the In etched nanoholes [Fig.
3(a)], the ring is higher than that of the Al-etched holes [Fig. 3(b)].
The same situation can be observed in Fig. 2, confirming that In
and Al droplets etch nanoholes separately even when both materi-
als are supplied simultaneously. This may due to the fact that, for
pure metal droplets, the solid solubility of In in Al is 0, restricting
the formation of InAl droplets.*’

In order to gain a deeper understanding of the etching results,
scanning electron microscopy (SEM, Raith Pionner Two) was per-
formed for these two types of samples. The backscattered electron
(BSE) images and the secondary electron (SE) images are shown in
the upper and lower rows of Fig. 3, respectively. The goal is to obtain
further information about the material composition of the struc-
tures. In the BSE images [Figs. 3(c), 3(e), and 3(g)], there is a strong
brightness contrast between the two types of nanoholes, which is a
result of the atomic number difference between In and Al. To con-
firm that such contrast does not stem from the distinct morphology
of the droplets or rings, SE images are also collected at the same sam-
ple position [Figs. 3(d), 3(f), and 3(h)]. The brightness contrast is
now much weaker than that in the BSE images, proving that the con-
trast in the BSE signal is mainly due to atomic number differences.
Interestingly, the nanoholes etched by In droplets and Al droplets
at 505 °C [Fig. 3(g)] can be now clearly distinguished [see also Fig.
2(i)]. There is a tendency for these two kinds of droplets to merge at
this high temperature—a process that is most probably assisted by a
small amount of As supply from the desorption from the underlying

e T=445°C g T=2505°C

FIG. 3. (a) and (b) AFM images of nanoholes on the InAlAs surfaces that were etched by using (a) 0.167 nm of In and (b) 0.133 nm of Al. Inset: Line profile of the etched
nanohole. (c), (e), and (g) SEM images obtained from the back-scattered electron signal, and (d), (f), and (h) from the secondary electrons. Scale bar: 4 ym.
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layer. The results in Fig. 3 are consistent with that in Fig. 2, proving a
strong evidence that the nanoholes with higher (lower) rings in Fig. 2
are due to the In (Al) droplet etching process.

Now, the question is which droplet etching is more suitable
for the LDE growth of InGaAs QDs on InAlAs. To answer this,
we quantitatively analyze the morphology changes with tempera-
ture. The average nanohole depth and ring height are extracted and
plotted in Fig. 4(a). Note that the data converge at T = 505 °C due
to the inability to distinguish the two types of holes. Both In and
Al etched nanoholes show a tendency of becoming deeper with the
increasing temperature. This is due to the enhanced thermal energy
of arsenic underneath the droplets, which facilitates the migration
and desorption of materials from the surface. Here, we also need
to consider another known effect for the LDE etching process: at
higher temperatures, the big droplets with large depth will form,
but at intermediate temperatures, the smaller droplets may drill even
deeper due to the smaller contact area. There is a trade-off between
a yet small droplet diameter and sufficiently strong arsenic migra-
tion, which explains the relatively large depth of In etched nanoholes
at 460 °C. This effect is, however, not significant for the Al etched
holes. On the other hand, the height of the rings also increases with
temperature. At T = 445 °C, the height is 5.4 nm for the Al rings and
32 nm for the In rings. When T is increased to 475 °C, the height
is increased to 16.9 and 41.2 nm, respectively. Due to the slight
In/Al intermixing at 505 °C, it is difficult to distinguish the two val-
ues. Finally, the density changes by nearly two orders of magnitude
with temperature, from 6 x 10° cm™2 at 415°Cto 1 x 10° cm™2 at
505 °C, as shown in Fig. 4(b). This ultra-low density achieved here
is a significant advantage for the quantum photonics application of
single QDs.

In conclusion, we investigated local droplet etching of ultra-
smooth InyAl;_yAs surfaces on InP substrates by using In/Al
droplets at etching temperatures between 415 and 505 °C. In con-
trast to the well-studied InyGa;_x droplet etching of GaAs and
AlGaAs layers, the Al and In droplets in our case do not inter-
mix at temperatures below 500 °C, leading to the formation of
two distinct types of nanoholes. Al etched nanoholes have lower
ring-like structures around them, which was further confirmed by
individual experiments with In and Al droplets. According to the
previous studies, the lower rings can facilitate material migration
inside the nanoholes during a subsequent infilling process. The

obtained nanoholes also show a symmetric profile and very low den-
sities, allowing the infilling of lattice-matched InGaAs. This work
represents a crucial step to the demonstration of LDE growth of
symmetrical and strain-free QDs at telecom wavelengths.
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