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Abstract

We have successfully grown high-quality, through the detailed control of the
growth kinetics, InAlAs metamorphic buffer layers on 2°-off GaAs(111)A sub-
strates using molecular beam epitaxy. Full plastic relaxation is obtained for a
layer thickness > 40 nm. The control of adatom diffusion length and step ejec-
tion probability from the bunches permits a reduction of the InAlAs epilayer
root-mean-square surface roughness to 0.55 nm.

Keywords: Al. Crystal morphology; A2. Single crystal growth; A3. Molecular

beam epitaxy; B2. Semiconducting III-V materials; B3. Infrared devices

1. Introduction

Metamorphic buffer layers (MMBLSs) or fully-relaxed, lattice-mismatched
layers, have been intensively investigated for their application to a range of
optical and electronic devices, such as solar cells [I], lasers [2], light-emitting
diodes [3], transistors [4] etc. Recently, a key device emerged for quantum in-

formation technologies: quantum dot (QD) based single and entangled photon
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emitters operating at the telecom-wavelength band for the quantum key distri-
bution over long distances [5 [6]. This is usually based on InAs QDs on GaAs
and InP substrates and requires the use of an InGa(Al)As MMBL to obtain a
long wavelength emission [7, 8, [9, [10], since the typical InAs/GaAs QD emission
is around 1 pm [111, [12].

For the formation of MMBL with high crystalline and optical qualities, fun-
damental for the targeted device applications, the key issues are related to: i)
relax the strain while minimizing the threading dislocation density, as disloca-
tions act as effective non-radiative recombination centers [I3] [I4]; ii) maintain
the surface root mean square (RMS) roughness to a few monolayers (MLs) to
maintain the surface symmetry, to permit the fabrication of uniform 2D layers
and to avoid the predominance of extrinsic nucleation centers in the QD self-
assembly. Usually linear- or step-graded buffer layers and strained superlattices
are commonly used to form high quality metamorphic layers on GaAs(001) sub-
strates. These approaches require thick and complicated layer growth sequences
and result in high surface roughness of few tens of nm [I5], which hinder their
application in practical scenarios. Recently, an approach to minimize the thick-
ness of InGaAs MMBL on GaAs(001) has been demonstrated using nonlinear
indium content grading profile. It has been shown that 180 nm-thick layer
achieves full plastic relaxation [I6]. T. Henksmeier et al. used another ap-
proach of an InGaAs epitaxial growth on GaAs(001) covered with a weekly
bonded two-dimensional layer - graphene [T7]. It is shown that InGaAs layers
grown on graphene/GaAs(001) are more relaxed and their strain relaxation is
symmetric.

In the case of InAs epilayers growth on (111)-oriented substrates, it has been
reported that high quality lattice-relaxed MMBL can be formed, even at a large
lattice mismatch, like InAs/GaAs(111)A, InAs/Si(111), and InAs/GaSb(111)A
[18, 19, 20]. This is permitted by the formation of misfit dislocations at the
interface starting directly from the initial stages of the growth [I8]. The fast
relaxation of the strain drives the system to grow two-dimensional [I8] [19],

thus making the fabrication of MMBL on GaAs(111)A substrates a promising
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approach.

Nevertheless, the growth of MMBL on a vicinal GaAs(111)A substrate still
suffers from a very low deposition rate to maintain the surface roughness low
[21, 22]. This limitation is particularly relevant when the growth of thick layers
is required. For instance, when it is necessary to create optical microcavities by
distributed Bragg reflectors in order to increase the brightness of QD emitters
[23].

In this paper we present the growth procedure to obtain a fully relaxed, thin
(> 40 nm) InAlAs MMBL with an atomically flat surface (RMS = 0.55 nm)
grown on GaAs(111)A misoriented substrates. The use of a vicinal GaAs(111)A
substrate due to step-flow growth mode permits to increase the maximum
growth rate up to 0.5-1 ML/s, a typical value for the growth on GaAs(001).
The flat and smooth surface morphology, which is a fundamental factor for a
number of optoelectronic and electronic applications like fine structure split-
ting for entangled photon generation [8], 24] or a carrier mobility reduction for
high-electron mobility transistors (HEMTSs) [15], has been obtained through a

detailed control of the growth kinetics.

2. Methods

The samples were grown on an undoped semi-insulating GaAs(111)A sub-
strate 2°-misoriented towards (112) by molecular beam epitaxy (MBE). After
an oxide desorption in As, flux for 5 minutes at the temperature of 590 °C a
100 nm GaAs buffer layer was grown at 520 °C with a growth rate of 0.5 ML/s
(1 ML is defined as 6.26 x 10'* atoms/cm?, the site-number density of unrecon-
structed GaAs(001) surface). Then the substrate temperature was decreased
to grow the InAlAs MMBL. The sample growth parameters are presented in
Table[l] The MMBL temperature varied from 450 to 510 °C. A 100 nm InAlAs
MMBL was deposited (20 and 40 nm for samples B1 and B2, respectively). The
growth rate was varied from 0.3 to 0.7 ML/s. For one sample (A1) a thin InAs
interlayer (3 ML) was introduced between a GaAs buffer and an InAlAs MMBL



at 470 °C with a growth rate of 0.1 ML/s. During the growth of all the layers
the beam equivalent pressure (BEP) of As; flux was about 1x10~° torr.

A PANalytical X’Pert PRO MRD high resolution X-ray diffractometer (HR-

7 XRD) equipped with a hybrid mirror and a 2-bounce Ge(220) monochromator

was employed for HR-XRD measurements. The morphological characterization

of the samples was performed by atomic force microscopy (AFM) in tapping

mode, using tips capable of a lateral resolution of about 2 nm.

Table 1: Growth conditions of the presented samples

Sample MMBL composition T (°C) Rate (ML/s) MMBL thickness (nm)

Al Ing.52Alp.48As 470 0.5 100 (4+3 ML InAs interlayer)
A2 Ing.52Alp.asAs 470 0.5 100

B1 Ing.eAlg.4As 450 0.5 20

B2 Ing.¢Alo.4As 450 0.5 40

C1 Ing.eAlg.4As 450 0.3 100

C2 Ing.eAlg.4As 450 0.5 100

C3 Ing.eAlg.4As 470 0.5 100

C4 Ing.eAlg.4As 490 0.5 100

C5 Ing.eAlg.4As 510 0.5 100

C6 Ing.gAlg.4As 450 0.7 100

3. Results and Discussion

75 The heteroepitaxy on a singular GaAs(111)A substrate of an InGa(Al)As
MMBL with In composition in the 50% region was demonstrated on Refs. [§]
and [25]. Mano et al. [25], in order to obtain a fully relaxed MMBL, introduced
a thin (4.3 ML) InAs layer between the GaAs and the InGa(Al)As MMBL. The
InAs interlayer generates a network of misfit dislocations localized mainly at

o the InAs/GaAs interface [19, 20] which gradually relax the strain within the
epilayer as the layer thickness increases [19, [25].

We applied the same strategy as the starting point of our investigation for

the optimal growth condition for InAlAs MMBL on vicinal GaAs(111)A.
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The growth conditions and the MMBL composition (sample A1) were chosen
as close as possible to those reported in Ref. [25] (see Table|[l]). For comparison
we fabricated a sample with the same InAlAs composition and thickness, but
without InAs interlayer (sample A2) to assess the interlayer effectiveness also
on misoriented GaAs(111)A substrates.

Figures ,b display a XRD reciprocal space map (RSM) for the (224) asym-
metric Bragg reflection of samples A1 and A2, respectively. On both images two
diffraction peaks originate from GaAs and Ing 52Alg 48As. The positions of the
peak are consistent, in both samples, with an indium content in the InAlAs
layer of 52.0+0.4% and show an almost full relaxation of the InAlAs epilayer.
Additionally, XRD shows that samples A1 and A2 have different peak positions
on Figures [Th,b for GaAs and for InAlAs, keeping the relative difference be-
tween GaAs and InAlAs peaks the same for both samples. It is attributed to a
non-uniform backside surface of the samples since we used indium to stick the
samples on the sample holder and the non-uniform indium layer is still present
after removing them from the sample holder. Thus, XRD data suggest that the
insertion of a thin InAs interlayer does not impact on the strain relaxation of
the InAlAs layer grown on GaAs(111)A misoriented substrates.

The AFM topography of sample A1 (see Figure ) shows the appearance of
large islands with the average lateral size and height of 602469 and 17.84+4.9 nm,
respectively, and with a density of about 7x10% cm~2. These islands are detri-
mental for the optoelectronic performances of any QD based device realized on
it. Instead, a fully relaxed thin InAlAs MMBL, without the InAs interlayer,
is free of large islands (see Figure [2p), thus being a better substrate for any
subsequent device fabrication [24]. Such discrepancy may be attributed to the
presence of numerous steps at the misoriented InAs/GaAs interface. Their in-
teraction with the misfit dislocation network may cause the formation of the
observed three-dimensional defects, hindering the role of the InAs interlayer in
reducing the MMBL strain.

As stated previously, one of the main applications of InGa(Al)As MMBL on
GaAs(111)A is related to the fabrication of single photon and entangled photon
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emitters in the O-band (A = 1.31 pm) telecommunication window based on
InAs QDs [8, 24]. On the basis of quantum mechanical calculation, the optimal
Al content in InAlAs layer to obtain the InAs QDs with the desired emission
properties is around 60% [24]. Thus, in the following, the optimal conditions to
obtain a MMBL based on a Ing gAlg 4As thin layer were investigated.

Samples B1 and B2 consist of 20 and 40 nm Ing gAlg 4As, respectively, di-
rectly grown on vicinal GaAs(111)A. HR-XRD analysis reveals the relaxation of
84% for sample Bl and the indium composition in the InAlAs layer of 624-8%.
Such a big error is attributed the low XRD signal (see Figure ) from the
thin (20 nm) InAlAs layer. On the other hand, sample B2 shows an almost
full plastic lattice relaxation (92%) and the indium composition of 63+3% (
see Figure ) AFM scans on Figures 7d displays a surface topography of
the samples. For both samples the RMS roughness is similar (about 0.7 nm).
Therefore, to have the InAlAs MMBL grown on vicinal GaAs(111)A with a
nominal growth composition and an almost full plastic relaxation, the thick-
ness should exceed 40 nm. Recently, Metal-Organic Vapor-Phase Epitaxial
(MOVPE) 180 nm thick InGaAs MMBL on GaAs(001) was demonstrated [16].
A nonlinear indium content grading profile design was used to maximize plastic
relaxation within minimal layer thickness. And 30 nm thick InGaAs layer was
determined as the minimal thickness that exhibits a clear onset of relaxation
(about 11%).

The surface roughness is a fundamental parameter to assess the quality of
the MMBL, being a flat surface necessary to obtain high quality, defect free
epilayers. Figure [f] reports the surface morphology of the sample series C1-C6.
In this series we varied systematically the growth temperature in the range of
450-510 °C and the growth rate in the range of 0.3-0.7 ML/s (see Table /1)) while
keeping the same 100 nm thickness of InAlAs layer for the samples which is well
enough to achieve full plastic relaxation. We observed a systematic reduction of
the RMS surface roughness from RMS = 3.1 nm (sample C5) to RMS = 0.57 nm
(sample C2) with decreasing the growth temperature. On the other hand, the

surface roughness was also observed to increase with the decreasing the growth
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rate (samples C1, C2, and C6).

It is known that the surface of a solid under stress can exhibits a morpho-
logical instability, characterized by spontaneous roughening [26]. Surface steps
are sometimes observed to form bunches resulting in a rougher surface. The
stress induced roughening, in case of flat surfaces, requires nucleation of steps
or facets, so that a flat surface is metastable rather than unstable.

The presence of macro-steps was already observed for the growth of strain-
compensated layers on vicinal GaAs(001) substrates [27] 28] 29]. The formation
of macro-steps is attributed to the lattice relaxation caused by the formation
of large step-bunching. It is shown that the size of step bunching and related
macro-steps can be controlled by the growth conditions [26], 29] or even their
presence can be eliminated, in MOVPE, by using a TEGa source instead of a
TMGa which gives an access to use lower substrate temperatures [29].

In our case, the MMBL is deposited on a substrate with an orientation
that is 2° off the crystallographic (111)A plane. This misorientation creates a
substantial density of steps that initiate the process of step bunching at the
origin of the surface roughening [26].

In the samples grown at the same growth rate of 0.5 ML/s (C2-C5), a
12 nm height of a step bunching, corresponding to approximately 36 ML steps
(see Figure 4] (inset B) and Figure |5, are observed in sample C5, grown at the
highest temperature of 510 °C. The average height of the step bunching then
reduced to 2.3 nm (=7 ML steps) by decreasing the growth temperature down
to 450 °C (sample C2). The step bunching was observed to depend on growth
rate as well, ranging from 7.8 nm average step bunching height in sample C1
(0.3 ML/s) down to 2.2 nm (see inset A in Figure [4) in sample C6 (0.7 ML/s).

The presented phenomenology can be interpreted with the model introduced
by Tersoff and coworkers [26]. It predicted that, on vicinal surfaces, a long-
ranged attraction between steps takes place in strained layers, which leads to a
robust step-bunching instability. Such instability is suppressed by the decreasing
temperature. Decreasing the growth temperature reduces the adatom diffusion

length, and, consequently, the step bunch average distance. This has the effect
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to decrease the step bunch size, as a smaller number of steps can contribute to
the bunch. If the surface is exposed to a flux of atoms, coalescence terminates
at a maximum bunch size that depends on the flux, due to the increasing step
ejection probability from the bunches, due to preferential adatom incorporation
probability at the bottom steps of the bunch. This reduces step bunch size and
roughens the terrace between two consecutive bunches by reducing the average
terrace size. We analysed in detail the dependence of step bunch average dis-
tance (Sb), average terrace size (Tr) and RMS surface roughness as a function
of the growth temperature and the growth rate in our sample set. As clearly
shown in Figure [5] the reduction of the RMS obtained by decreasing the tem-
perature is related to a sizeable reduction of the average bunch distance while
the terrace width is roughly constant and close to the minimal terrace width due
to the 2° miscut of the substrate. This observation is in agreement with a step-
step interaction controlled by adatom diffusion. On the other side, the RMS
reduction due to growth rate is related to a sizeable reduction of the terrace
width while the average bunch distance remains constant, thus confirming that
the observed reduction in the surface RMS is related to the surface roughening
between bunches, an effect predicted by Tersoff [26] and due to step ejection
from the bunches. In conclusion, our observations are in agreement with the
theoretical predictions. Therefore, the step bunching can be substantially sup-
pressed, in MMBL on misoriented substrates, by growth kinetics control, via a

high growth rate and/or by low growth temperature.

4. Conclusions

We studied the growth of high quality InAlAs MMBLs on GaAs(111)A mis-
oriented substrates by MBE for the implementation of single and entangled
photon emitters based on InAs QDs. High quality thin InggAlg4As MMBL,
40 nm thick, were obtained showing an almost full plastic relaxation.

However, the epitaxy of InAlAs epilayer on vicinal GaAs(111)A substrates,

due to the contemporary presence of strain and steps, poses additional issues
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related to the presence of a sizeable roughening of the surface, due to a step
bunching present already at moderate temperatures. By controlling the growth
kinetics, through substrate temperature and group III flux, it was possible to
reduce the surface roughness (RMS = 0.55 nm). The optimal growth conditions
were T = 450 °C and the growth rate of 0.7 ML/s.
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Figure 1: XRD RSM, taken around the (224) asymmetric Bragg reflection of (a) sample Al
and (b) sample A2. The shift of the peak positions for GaAs and for InAlAs is related to

non-uniform positions of samples on XRD Sall“[@le stage.
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Figure 2: AFM topography images of (a) sample Al (5x5 um?) and (b) sample A2 (5x5
pum?). The inset in (a) shows 20x20 um? AFM topography image of sample Al with the

presence of large islands.
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Figure 3: XRD RSM, taken around the (224) asymmetric Bragg reflection of (a) sample B1
and (b) sample B2. (c),(d) Their 2x2 pm? AFM topography images, respectively.
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Figure 4: AFM images of the sample series C1-C6 showing the influence of the growth condi-
tions on the morphology of an Ing.¢Alp.4As layer directly grown on vicinal GaAs(111)A. Inset
A: line scan of the sample B6 along the green line. Inset B: line scan of the sample B5 along

the green line.
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Figure 5: Dependence of RMS (black dots), average step bunch distance - Sb (red dots), and
the terrace width - Tr (blue dots) for samples C1-C6. Panel (a): the temperature dependence
at fixed growth rate of 0.5 ML/s (samples C2-C5). Panel (b): the growth rate dependence at
fixed temperature of T = 450 °C (samples C1, C2, and C6). All the vertical scales are in nm.

The minimal step terrace width for fully relaxed Ing.gAlg.4As in case of 2° miscut = 9.74 nm.
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