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Abstract. In this paper, we study local etching of the GaAs(001) surface by Ga droplets at
various technological conditions. Effects of the deposition temperature and thickness, interrup-
tion time, annealing temperature and arsenic background pressure are discussed. A minimum
deposition thickness of 1.5 monolayer of Ga is found to be sufficient to etch the GaAs surface.
We demonstrate that an increase in the annealing temperature leads to a decrease in the hole
depth and an increase in their diameter. For the first time, we obtain symmetrical nanoholes of
pyramidal shape on the GaAs(001) surface with a low surface density (~ 1-10® cm? and below)
allowing subsequent formation of single quantum dots for high-efficiency quantum photonic
devices.
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MEeTOA0M JIOKaJIbHOI0 KanesibHOro TpaeJieHus Ans
NO3UMLMOHUPOBAHHOIO POCTAa OAMHOUHDbIX KBAHTOBbIX TOUEK
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AnHoTanusa. B paboTe mipencTaBieHBl pPe3yJbTaThl 3KCIIEPUMEHTAJIBHBIX WCCIeI0OBAaHUN
TPOLIECCOB JIOKAIBHOTO TpaByieHUs: moBepxHoctu GaAs(001) xkarmusmu Ga mpu pa3iMuHbIX
TeXHOJOTMYeCKMX pexkxnuMax. Brnepsoie Ha moBepxHocT GaAs ¢ opueHTanueit (001) moxydeHsI
CUMMETPUYHbIE HAHOYIIyOJeHUs NHUpaMUAAIbHOM (GOPMbI C HU3KOM IMOBEPXHOCTHOM
IUIOTHOCTBIO (~ 1-10% cM?2 ¥ HMXKe), MO3BOJISIIONIME 00CeCIIeYUTh JajbHeillee (popMupoBaHue
B HUX OJMHOYHBIX KBAaHTOBBIX TOYEK [JISI BBICOKOR((MEKTUBHBIX YCTPOMCTB KBaHTOBOM
(GOTOHUKHU.
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Introduction

Epitaxially grown single quantum dots (QDs) are among the main candidates for use as sources
of single and entangled photons due to their ability to generate photons on demand with high
extraction efficiency [1] and near-unity indistinguishability [2], as well as due to the versatility of
their device manufacturing technology [3]. One of the problems in creating high-quality QD-based
polarization-entangled photon sources is that the time-dependent phase factor of the two-photon
state induced by exciton fine structure splitting (FSS) can significantly affect a degree of similarity
of a real entangled photon pair with the ideal Bell pair (entanglement fidelity) [4]. Obtaining a
high entanglement fidelity requires the in-plane confinement potential symmetry of an epitaxial
QD to eliminate FSS [5]. To fulfil this requirement, parameters of QD arrays with high structural
symmetry must be precisely controlled. For example, QD elongation and stress inhomogeneity
are often caused by anisotropy of atom migration and interdiffusion during In(Ga)As/GaAs QD
growth by a widely used Stranski-Krastanov method [6].

To date, there are several ways to form highly efficient symmetric QDs, including InGaAs QDs
in inverted pyramidal cavities obtained by liquid etching [7], InAsP QDs in InP nanowires [§],
(In)GaAs QDs formed by high-temperature droplet epitaxy or grown on high-index surfaces [9],
etc. One more advantageous method of the formation of GaAs/AlGaAs QDs is so-called local
droplet etching (LDE) [10] involving two main stages. The first stage consists in the formation
of group III metal (Ga, In, Al) droplets on the epitaxial surface in the absence of arsenic
vapor by the Folmer-Weber mechanism. The second stage is the subsequent etching of the
surface under the influence of elevated temperature and a small arsenic flux [11]. LDE allows
formation of ultra-low density QDs without any lithography and can be easily integrated into
the process of growing heterostructures by molecular beam epitaxy. Compared to other listed
techniques, LDE-based QDs demonstrate the best characteristics of non-classical light emission
so far. Recent studies have presented unprecedented high levels of photon pair entanglement and
indistinguishability [12], as well as teleportation [13] and entanglement swapping [14] generated
in GaAs/AlGaAs nanostructures fabricated by LDE. The development of the LDE method in
recent years has significantly improved the understanding of the mechanisms of droplet formation
and subsequent etching of the underlying surface. LDE allows formation of hole arrays with
various parameters, including ultra-low density, allowing one to further obtain an array of isolated
single QDs [15]. However, as analysis of the literature data shows, there are still no reports on the
LDE formation of low-density symmetric nanoholes with pyramidal faceting on technologically
important GaAs surfaces with (001) orientation. These holes must be distinguished by a unit ratio
of longitudinal diameter to transverse diameter and a large depth, allowing a good localization of
QDs in them.

The purpose of this work is an experimental study of technological conditions of Ga/GaAs(001)
droplet etching which make it possible to obtain symmetrical pyramidal-shaped nanoholes
with a density of about 1-10® cm~? and below. To achieve this goal, it is necessary to consider
numerous parameters affecting the mechanisms of droplet formation and subsequent surface
etching: substrate temperature, amount of deposited material, temperature and time of the sample
annealing, arsenic vapor pressure, etc.
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Materials and Methods

Experimental studies were carried out on epi-ready GaAs(001) substrates using SemiTEq
STE35 molecular beam epitaxy equipment. Knudsen effusion cells were used as sources of group-
11 species and a valved cracker cell was used as a source of arsenic.

After a standard procedure of oxide removal and subsequent growth of 250-nm-thick GaAs
buffer layer, the arsenic source was closed to provide a low background pressure in the chamber
(from 1.5-107 Pa to 3.5-107 Pa). Then, Ga atoms were deposited on the surface in the amount
of 1.1, 1.5, 2 and 5 equivalent monolayers (ML) at a substrate temperature of 500 °C. At the next
stage, the substrate was annealed to 550 °C, 580 °C, and 610 °C for 15, 30 and 45 minutes. After
the annealing, samples were cooled down and unloaded from the chamber for characterization in
atomic force (AFM) and scanning electron microscopes (SEM).

Results and Discussion

AFM images of hole arrays obtained after etching by droplets formed at various deposition
amounts of Ga at a temperature of 500 °C are shown in Fig. 1. An analysis of the results obtained
indicates that 1.1 ML Ga is not enough to obtain droplets capable of etching deep nanoscale
regions of the surface (Fig. 1, a). At the same time, in other cases, there are arrays of holes with
different average diameters which increase as the amount of deposited material increases. The
surface density of holes for the indicated samples is 3-10”7 cm= (1.5 ML, not shown), 9-10~7 cm™
(2 ML, Fig. 1, b) and 1-10® cm? (5 ML, Fig. 1, ¢). This range of the surface densities satisfies
the requirement that the average distance between holes is about 1 um or more. The difference
in the surface density of holes may be associated with random fluctuations of the substrate
temperature during local droplet etching. The depth of the formed holes increases from 1.6 nm for
a sample with a deposition thickness of 2.0 ML Ga to 5.3 nm for 5 ML Ga (Fig. 1, b, ¢), which
is associated with an increase in the droplet volume. Droplets in this case are the source of atoms
displacing the underlying material in the etching process [16].
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Fig. 1. AFM images of the GaAs surface after etching by droplets formed at various amounts of
deposited Ga: 1.1 ML (a), 2.0 ML (b) and 5.0 ML (c¢)

As was shown in previous studies [17], holes must be sufficiently deep to increase the probability
of island nucleation within them and, consequently, to increase selectivity of subsequent QD
growth. In this regard, a value of 5 ML was chosen as the preferred amount of deposited Ga
material for further studies.

At the next stage, the interruption time between the stages of droplet deposition and subsequent
substrate heating to an annealing temperature was considered. It was found that an increase in
the interruption time from 1 to 15 minutes reduces the root-mean-square deviation of the average
hole diameter from 12 to 5% (Fig. 2 a, b), which is associated with redistribution of the material
during Ostwald ripening [18] and increasing the homogeneity of the droplets immediately before
etching.

An influence of the annealing temperature on the hole characteristic was also studied. It was
found that an increase in the annealing temperature from 580 °C (Fig. 2, b) to 610 °C (Fig. 2, ¢)
leads to a decrease in the average hole depth from 4.3 to 1.0 nm and an increase in their average
diameter from 103 to 159 nm. A typical rim formed as a result of droplet crystallization in the
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Fig. 2. AFM images of the GaAs surface after etching by droplets formed after various interruption
times and annealing temperatures: 1 min, 580 °C (a), 15 min, 580 °C (b) and 15 min, 610 °C (¢)

arsenic flux at the boundary of the triple point (Fig. 2, a, b) is removed when the annealing
temperature is increased up to 7= 610 °C (Fig. 2, ¢). However, a decrease in the depth and an
increase in the hole diameter reduce the attractiveness of using holes annealed at 7= 610 °C
due to a decrease in the probability of island nucleation in them or the potential initiation of
polycentric nucleation observed in holes with a large diameter [17].

Symmetrical pyramidal holes with the required surface density were obtained by reducing
the background pressure of arsenic to a value of 1.5-107 Pa at an annealing temperature
of 550 °C and a different annealing time from 15 to 45 minutes (Fig. 3). Annealing during
15 minutes leads to the formation of deep faceted holes in the center of thin pedestals
(Fig. 3, a) which have an elongated shape because of anisotropy of the surface diffusion
of adatoms. 15 additional minutes of annealing does not change the surface morphology
significantly, but some of pedestals disappear reducing the depth of holes (Fig. 3, ). Long
annealing during 45 minutes leads to the elimination of pedestals around almost all holes
(Fig. 3, ¢). Although deep holes remain pyramidal in this case, their fraction is much smaller
than at shorter annealing times.

Fig. 3. SEM images of the GaAs surface after etching by droplets at 550 °C during various annealing
intervals: 15 min (a), 30 min (b) and 45 min (c)

Fig. 4 shows AFM image of surface obtained after droplet etching at an arsenic pressure of
1.5 107 Pa (Fig. 4, a) and AFM cross-section of a typical nanohole for two mutually perpendicular
directions (Fig. 4, b).

As presented in Fig. 4, b, the characteristic hole for the obtained samples has lateral walls
in the form of flat faces and the same shape and size in different lateral directions. A pedestal
around the hole has a height of about 2 nm and a near-circular elongated shape. According to the
AFM cross-section (Fig. 4, b), the hole depth reaches 15 nm, which is expected to benefit further
localization of epitaxial nanostructures within predefined nucleation centers [17].
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Fig. 4. AFM image of the GaAs surface after droplet etching at an arsenic pressure of 1.5-107 Pa (a)
and AFM cross-section of a typical hole shown in Fig. 4, a (b).

Conclusion

Thus, pyramidal nanoholes for the subsequent localization of highly symmetrical QDs in them
can be obtained on the GaAs(001) surface by local etching with Ga droplets at a low background
arsenic pressure (1.5-107 Pa) and annealing temperature of 550 °C.
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