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Abstract. In this work we study the adsorption of In on Al Ga,_ As substrates at the first
stage of droplet epitaxy with goal of explaining the anomalous behavior observed in previous
experiments where an increase in the content of chemically active Al in Al Ga,_ As substrates
led to an increase in the surface mobility of In adatoms affecting the final distribution of InAs
quantum dots. DFT simulations showed that when In adatoms directly interact with As-ter-
minated substrates, there is no deviation from normal behavior, but when In binds with a fully
formed In wetting layer, the results are in agreement with those observed in our experiments —
increasing Al content led to a decrease in adsorption energy, which means that surface mobility
of adatoms has increased. We assume that this specific effect of droplet epitaxy is caused by
lack of a stabilizing As layer, allowing the formation of In dimer rows and direct interaction
of adatoms with them.
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AnHoraumua. B manHHoil pabGoTe mpoBeaeHBl MccaenoBaHusl aacopoumu In Ha TMoajiokKax
Al Ga,_ As Ha Ha4aJabHOHM CTagMM MpOLECCa KamelbHOW SMUTAKCUU C LENbIO OOBbACHUTH
aHOMaJIbHOE ITOBeAeHUE, HalsroamlIeecss MPU POCTe KBAHTOBBIX TOYEK 3TUM METOAOM —
YBEJIMYEHUE CONEPKAHUA XUMUIECKU akKTUBHOTO Al B momnoxkax Al Ga,_ As NpuBOAMT He K
YMEHBIIEHUIO, a K YBEJIMUEHUIO OJABUXKHOCTH aIaTOMOB In, BIMsIsSl HA KOHEYHOE pacIipeiesieHre
kBaHTOBBIX ToueK InAs. DFT mMonennpoBaHue MoKas3ajio, 4TO MPU B3aMMOACHCTBUM agaTOMOB
In HemocpencTBEHHO C TMOMATOXKOI, Al CHMXXaeT MOBEPXHOCTHYIO MOABMXHOCTh aZaTOMOB,
Torma Kak (opMHpoBaHHE MPOMEXYTOUHOIO CMauyMBalollero cjaos In Mexnmy MomloxXKoil u
aJjaToMaMM TIPUBOAUT K M3MEHEHMIO 3aBHCUMOCTM Ha IPOTHUBOIIOJOXHYIO — YBEJIWYCHUE
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comepxaHust Al NPUBOAUT K YMEHBLICHUIO DHEPruy aacopOumu. Mbl mpeamnojiaraeM, 4YTO
JaHHBIA 3(PdeKT TPOoSBISICTCS B KaleJIbHOM SMUTAKCUM BBUIY CMEHBI THIIA ITOBEPXHOCTHOM
CTPYKTYphl ¢ As- Ha Me-CTaOMIM3UMPOBAaHHYI0, YTO MPUBOAUT K HEMOCPEICTBEHHOMY
B3aMMOJICMCTBUIO agaToMOB In ¢ 00pa3oBaBIIMMCSI PEKOHCTPYMPOBAHHBIM CMadyMBaIOLIUM
cJoeM.
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Introduction

Use of InAs/AlGaAs quantum dots for single-photon emission requires low density (< 10% cm™2),
high uniformity and reproducibility of the size, shape and distribution of quantum dots (QD).
When growing QDs in the Stranski-Krastanov (S-K) mode on the surfaces of Al containing
substrates, it is expected that high chemical activity of Al will inhibit the adsorbates mobility,
allowing the adsorbates to form stronger bonds with the surface [1]. This means that increase in
the Al content leads to an increase in the QD density, which means that the adatom mobility
decreases.

At the same time, in droplet epitaxy (DE) the effect is the opposite — as shown in our previous
work [2, 3], an increase in the Al content leads to a decrease in the droplet density, which
means that the adatom mobility during the wetting layer formation [4] increases. At low growth
temperatures (less than 300 °C), the influence of the substrate composition is relatively small: the
average diameter of the droplet structures increases from 16 to 21 nm at 150 °C and from 35 to
41 nm at 200 °C with an increase in the aluminum fraction from 0 to 1. The density decreases
by 1.5 — 2 times: from 3-10'° cm™ to 2-10'"° cm™ at 150 °C and from 3-10° cm™ to 1.7-10° cm™
at 200 °C (Fig. 1).
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Fig. 1. Surface density of nanostructures obtained by droplet epitaxy after deposition of 3 ML of In on
the GaAs, Al ,Ga As and AlAs surfaces at different substrate temperatures
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In the region of relatively high growth temperatures (high for droplet epitaxy of indium), the
effect of the Al content is more pronounced. The density of indium droplet structures decreases
by an order of magnitude: from 1.8-10% cm™2 down to 1.4-10” cm™ at a substrate temperature of
300 °C and from 8.5-10° cm™2 to 7-10° cm™2 at 450 °C. In this case, the average size of droplet
nanostructures doubles: from 98 to 176 nm at 300 °C and from 230 to 437 nm at 450 °C.

To see if this effect can be detected from first principles calculations, we modeled GaAs,
Al ;Ga  As and AlAs covered by 0.25 ML and 1.25 ML of In (coverages representative of the
first stages of droplet epitaxy), and calculated the resulting adsorption energies, which describe
strength of bonding between the substrate and adatoms moving over it. The adsorption energy
directly affects the adatom mobility, since the stronger the bond the adatom forms with the
surface, the more difficult it becomes for it to move, which leads to a proportional decrease in
the adatom mobility.

Methods

The adsorption energy was obtained using formula (1)

E

A3B5(+InML) EIn ’ (1)

EadSO.ZSML(l.ZSML) A3BS(+InML)+In

where E, ;.5 o+, 18 the total free energy of GaAs (covered with 1 ML of In) with an In atom
on top, £, . 18 the energy of GaAs (covered with 1 ML of In), and £, is the energy of
an indium atom in vacuum. A more negative value of Fads means a stronger bond between the
adsorbate and the surface, which suppresses the adatom mobility, resulting in a higher density of
nanostructures.

Ab initio calculations of the slab models were carried out using density functional theory (DFT).
It was applied using the Vienna ab initio simulation package [5] with the projector augmented
wave potential construction. For approximating the exchange-correlation functional we used
Perdew’s generalized-gradient-approximation (PBE) [6]. DFT+U method based on Dudarev's
approach [7] was used to properly describe the interactions of p-band electrons. Simulation of
parameters affected by random distribution of atoms in Al ,Ga, As alloy was achieved by use of
special quasirandom structures [8]. After convergence testing K-point sampling density and cutoff
energy values were set to 6x6x1 and 400 eV with higher values giving energy difference of less
than 0.001 eV.

Since FEads would be different at different points of the surface, we calculated a potential
energy surface (PES) plot, showing an approximate map of Eads obtained by interpolating the
results of calculations over the surface on a uniform 5x5 grid. In the case of the 0.25 ML coverage
calculations (Fig. 2 upper row), we put a single In adatom at grid coordinates over the As-
terminated surfaces (which relax by forming As-dimer rows). In the case of a 1.25 ML coverage
(Fig. 2 lower row), we study the interaction of the In adatom with the existing wetting layer (WL).
This In WL also forms dimer rows during relaxation.

Results and discussion

Figure 2 shows the highest adsorption energy (which corresponds to the most favorable
adsorption position) found after placing In adatoms at adsorption points forming a uniform
5x5 grid over the substrate surface for all coverages and substrates. Upper row of PES plots shows
that max Fads changes with Al content at a low coverage of 0.25 ML. An increase in Al content
leads to an increase in max FEads from —3.453 up to —3.823 eV for GaAs and AlAs, respectively,
which means that adatom mobility decreases. This dependance matches the one seen in the S-K
growth mode.

However, calculations at completely metal stabilized 1.25 ML coverage (Fig. 2 lower row), have
shown that when In directly interacts with the dimer rows of the reconstructed In wetting layer
(the relaxation step during the calculation results in the formation of dimer rows consisting of In
adatoms), the behavior changes to one seen in our droplet epitaxy experiments, where an increase
in the content of chemically active Al leads to a decrease in the adsorption energy from —4.289
down to —3.989 eV and consequently higher surface mobility. This shows that the observations
obtained in our experiments are in good agreement with theory and can be explained by the nature
of droplet epitaxy, in which an In wetting layer forms in the absence of a stabilizing As flux.
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0.25 ML supercell GaAs (0.25 ML In) AlgsGagsAs (0.25 ML In) AlAs (0.25 ML In)

without adatom Max E,g = -3.453 eV Max Ep.= -3.701 eV Max E,q = -3.823 eV
1.25 ML supercell GaAs (1.25 ML In) Al sGagsAs (1.25 ML In) AlAs (1.25 ML In)
without adatom Max E,y = -4.289 eV Max E,gs= -4.096 eV Max E,q = -3.989 eV

Fig. 2. PES plots showing Fads of In adatom on surfaces of Al Ga,_ As substrates at 0.25 ML
(1 In adatom) and 1.25 ML (4 In WL atoms + 1 In adatom) wetting layer coverage

This means that the change in the dependance of adatom mobility on Al content can be
explained by the absence of a stabilizing As layer, which usually prevents the formation of In
dimer rows and does not allow direct bonding of In adatoms to the already formed In wetting
layer. These differences in the droplet epitaxy and S-K growth can be responsible for the studied
effect, making them the subject of our future studies.
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