REVIEW

W) Check for updates

physica
status
solidi
[+))

Www.pss-a.com

Lattice-Mismatched Epitaxy of InAs on (111)A-Oriented
Substrate: Metamorphic Layer Growth and Self-Assembly

of Quantum Dots

Takaaki Mano,* Akihiro Ohtake, and Takashi Kuroda

In this article, recent developments in the lattice-mismatched epitaxy of InAs on
(117)A-oriented substrates and related research topics, in which the presence or
absence of the misfit dislocations is controlled via prescribed growth sequences, are
reviewed. When InAs is grown on GaAs (111)A substrates, a unique lattice-relax-
ation mechanism occurs. A misfit dislocation network is formed at the initial stage
of InAs growth, that is followed by the layer-by-layer growth of relaxed InAs films.
The InAs/GaAs (111)A heterostructure is being applied in infrared photodetectors
which have a new operating principle that employs the high-density dislocations at
the interface. The InAs/GaAs (111)A heterostructure is also useful for the growth of
InGaAs layers: a nearly lattice-relaxed InGaAs containing different concentrations of
indium can be formed by inserting a thin-InAs layer between the InGaAs and GaAs.
These InGaAs layers can be used as virtual substrates with a desired lattice constant
for a range of devices. In addition to the formation of lattice-relaxed structures,
dislocation-free InAs quantum dots (QDs) can be formed on InP (111)A substrates
by applying droplet epitaxy. The G;, symmetry of the (111)A surface makes it

dislocation free.’! The strained-layer struc-
tures are suitable for optical devices such as
light-emitting diodes. By tuning the lattice
mismatch, it is also possible to form 3D
islands or quantum dots (QDs) in the
Stranski-Krastanov (SK) mode.™! A typi-
cal example is InAs/GaAs: after the growth
of a few monolayer (ML)-thick 2D layers
(often called wetting layers), 3D InAs
islands are formed. The islands are strained
and dislocation free, and application to sev-
eral optical devices has been demonstrated
that exploits their highly luminescent prop-
erties. In the past two decades, InAs QD
growth on GaAs (100) in SK mode has been
an intensively studied research topic, antic-
ipating its application to high-performance
lasers and quantum light emitters.”?!
While strained layers or islands without

possible to form symmetric InAs QDs that emit entangled photon pairs at tele-

communication wavelengths.

1. Introduction

Heteroepitaxial growth of III-V semiconductors on lattice-
mismatched substrates has been investigated for many years,
hoping to open new possibilities for band-structure engineering
and novel devices.'”) During epitaxial growth, it is critically
important to manage lattice mismatching. When the grown layer
is thinner than the critical thickness for dislocation formation, a
pseudomorphic layer is formed, in which the layer is strained and
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dislocations are useful as active layers of
optical devices, there has also been interest
in growing lattice-relaxed heteroepitaxial
layers (metamorphic layers) by deliberately
introducing misfit dislocations.®? These
metamorphic layers can act as virtual substrates with lattice con-
stants set at desired values."*™> Narrow-gap semiconductor sub-
strates, such as InAs, GaSb, or InSb, tend to be more expensive
than those of versatile GaAs or InP substrates. To reduce the cost
of devices such as infrared photodetectors and magnetic sensors,
many groups have been investigating how to grow metamorphic
narrow-gap semiconductors on GaAs or InP substrates.[®17]
Heteroepitaxial growth on (111)A substrates is a very interesting
system for forming metamorphic layers."®'% It has been reported
that InAs film grows in layer-by-layer mode on GaAs (111)A sub-
strates from the beginning to the end of the growth process.!'#2%%*!
The layer-by-layer growth is accompanied by the formation of a
misfit dislocation network at the InAs/GaAs interface.?"*¥! This
growth mechanism is entirely different to that of SK growth on
(100) substrate.! We have recently revisited this InAs growth
on lattice-mismatched (111)A substrates and found several chal-
lenges and new possibilities.!**~2¢!

This review will focus on InAs growth on lattice-mismatched
GaAs and InP (111)A substrates and related topics. After provid-
ing an overview of the basic characteristics of the (111)A surfaces,
we will summarize recent progress on the metamorphic growth
of InAs on GaAs (111)A and its application to the infrared photo-
detectors. We will then describe the InAs QDs formation of (111)
A substrates, for which SK growth cannot be used.
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2. Basic Characteristic of (111)A Substrates

The surfaces of III-V compound semiconductors exhibit a
variety of surface reconstructions depending on their surface ori-
entations, temperature, background pressure of V-group
element atoms, and so on. For the growth of high-quality
layers, it is important to understand and control the surface
structures. In this section, we briefly overview the surface
reconstructions of (111)A surfaces (mainly well-studied GaAs
surfaces) and typical growth conditions on surfaces that usually
require more precise tuning than those on standard (001)
surfaces.

2.1. Surface Reconstruction of GaAs (111)A

The surface structures of GaAs (001) change from As-rich
c(4x4)p to Garich (4x6) through the c(4 x 4)a, (2x 4),
(6 x 6), and ¢(8 x 2) phases, which are influenced by temperature
and background As flux.””! In contrast, a polar GaAs (111)A
surface normally shows only a Ga-rich (2 x 2) reconstructed
surface.”*! Note that As-rich (2 x 2) reconstruction can also
(exceptionally) occur when a (111)A surface covered with amor-
phous As is thermally annealed.?? The reason that only the
(2 x 2) reconstruction appears is not fully understood. It is likely
related to the low sticking coefficient of As molecules to the (111)
A surface.?? The I1I-antimonide (111)A surfaces exhibit not only
(2 x 2) but also other reconstructions,?* which can be attributed
to the higher sticking coefficient of Sb molecules to the surfaces
than that of As. Figure 1a shows filled-state scanning tunneling
microscopy (STM) images of GaAs (111)A-(2 x 2) surfaces.*"
Tong et al. first proposed the Ga-vacancy buckling structure
model for this reconstructed surface,”® as seen in Figure 1b,
which has since been confirmed by STM,P®*! reflection
high-energy electron diffraction (RHEED),?" and first-principles
calculations.?!! At the top layer, one fourth of the Ga atoms
are missing. The (111)A surface of InAs, InAlAs, and InP
also shows the (2 x 2) reconstruction with the same atomic
structure, while other reconstructions can be observed in some
cases.?>3

2.2. Typical Growth Condition on (111)A

The standard conditions for growth on (111)A surfaces in molec-
ular beam epitaxy (MBE) is different from those on (001) surfa-
ces. Because of the low V-group element atom sticking
coefficient on the surface, it is necessary to use the high V/III
ratios and/or low growth temperatures.***”) Here, we describe
GaAs growth on GaAs (111)A as an example. Typically, growth
temperatures are set at below 550 °C for the growth of GaAs on
GaAs (111)A, while temperatures above 580 °C are normally used
for growth on GaAs (001).1"#2%°% If the growth parameters devi-
ate from the optimized condition, stacking faults (SFs), and/or
hillock structures begin to form,**! as seen in Figure 2. In the
lattice-matched systems of AlGaAs on GaAs (111)A, InAlAs
on InP(111)A, and InGaAs on InP (111)A, the optimized param-
eter windows for the growth of high-quality layer are narrower
than that for GaAs homoepitaxy.*>*! As seen in Figure 3
and 4, surface morphology is highly sensitive to growth
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Figure 1. a) Filled-state scanning tunneling microscopy (STM) images
of the GaAs (111)A-(2 x 2) surface. Image dimension is 6.5 x 5.3 nm.
The STM observation was performed at room temperature in the
constant-current mode with a tunneling current of 0.5 nA and a negative
sample voltage. The surface was prepared by growth of GaAs at 400 °C on
GaAs (111)A substrate with an As,/Ga flux ratio of ~150. After subsequent
thermal annealing, the sample was transferred to an STM chamber.
b) Top view of the vacancy-buckling structure model. The structural deter-
mination was done by analysis of low-energy electron diffraction (LEED)
intensity-voltage data using a fully convergent multiple-scattering method.
Reproduced with permission.?23" (a) Copyright 2001 and (b) Copyright
1984, The American Physical Society.

conditions. Careful optimization of the growth parameters such
as growth temperature and V/III ratio is required for the growth
of smooth layers.

To prevent the need for precise control of growth conditions,
several alternative methods have been proposed. By using
misoriented substrates (2° miscut), smooth surfaces can be easily
obtained, even at high growth rates.****! More recently,
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Figure 2. Scanning electron microscopy image of the surface of GaAs
grown on GaAs (111)A substrate. The GaAs layer was grown by migra-
tion-enhanced epitaxy at 590 °C with an As, beam equivalent pressure
of 1.0 x 107> Torr. Reproduced with permission.’?) Copyright 2007,
IOP Publishing.

surfactant-enhanced epitaxy has also been reported. Using bis-
muth, surface defects/hillocks are effectively eliminated and
atomically smooth surfaces are obtained.!**]

3. Metamorphic Growth on InAs
3.1. InAs Growth on GaAs(111)A Substrates

Figure 5a shows the evolution of the RHEED pattern during the
growth of InAs on GaAs (111)A.*® Streak patterns are main-
tained from the beginning to even after 30 ML InAs growth, sug-
gesting continuous layer-by-layer growth. This growth feature on
(111)A is entirely different from the growth of InAs on GaAs
(001).l%'8 On GaAs (001), streak patterns are also maintained
at the beginning of the growth process, but these change into
a spotty pattern when the thickness of InAs exceeds 1.5-1.7 ML,
indicating the growth of a 2D layer (wetting layer) and the
subsequent formation of 3D islands. This form of growth is
called the SK mode. The 3D InAs islands are dislocation
free and are elastically strained, and can be used as QDs.
By further increasing the amount of InAs, misfit dislocations
are formed that gradually relax the accumulated strain.’
Figure 5b shows atomic force microscopy (AFM) images
after the growth of 10 ML InAs on GaAs (001) and (111)A.1"¥
It is clear that a smooth surface is formed on (111)A (consists
of a step-and-terrace structure®?*), whereas high-density 3D
islands are visible on (001). We have confirmed that a smooth
surface is maintained even after the growth of 300 nm InAs
on GaAs (111)A in our previous paper.*®

The origin of the layer-by-layer growth mode on the (111)A
surface is closely related to the formation of a misfit dislocation
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AlGaAs on GaAs (111)A

Figure 3. Atomic force microscopy (AFM) images (4 x 8 ym?) of
Alg 30Gag 70As grown on GaAs (111)A (growth temperature dependence).
The 100 nm AlGaAs layers were grown with a group Il flux of 6 x 10 s™"
cm™2 and a V/IIl ratio of 75. The growth temperatures (460550 °C) are
indicated in the images. Reproduced with permission.""! Copyright 2017,
The American Physical Society.

network at the InAs-GaAs interface.”’! In STM images made
after growing 5 ML InAs, the formation of a dislocation network
is clearly visible (Figure 6a). The network is not a simple hexago-
nal structure: partial dislocations form at the interface in addition
to the perfect dislocations. A possible structural model of the dis-
location network has also been proposed (Figure 6b), in which
both the dislocations and SFs are buried at the interface.

The change in the in-plane lattice constant during InAs
growth provides more detailed information on the formation
of dislocation networks at the initial stage of growth. Figure 7
shows the evolution of in-plane lattice constants during the
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InAlAs on InP (111)A

Figure 4. AFM images of Ing 5,Alg 43As on InP (111)A (growth temperature dependence). The growth temperatures were at a,b) 480 °C, ¢,d) 437 °C, and e,
f) 405 °C. The image sizes are a,c,e) 15 x 15 pm? and b,d,f) 1 x 1 ym?, respectively. The InAlAs layers were grown with a V/IIl ratio of 230 and a growth
rate of 0.17 ym h™". Reproduced under the terms of the CC-BY license.l*”! Copyright 2017, AIP publishing.

growth of InAs.””! The in-plane lattice constant starts to change
when the InAs thickness exceeds 1.5 ML, suggesting that the dis-
locations begin to form at the interface of InAs and GaAs while
the second InAs layer is growing. The relaxation proceeds grad-
ually during growth of 1.5-5 ML InAs, with the lattice constant
changing more slowly during the further growth of InAs. Cross-
sectional transmission electron microscopy (TEM) observations
clearly show that high-density dislocations (as indicated by red
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circles) are localized at the interface of the InAs and GaAs layers
(Figure 8a).”*®! Since the in-plane lattice constants gradually
increase with increasing InAs thickness, it is likely that the den-
sity of misfit dislocations at the buried interface also increases
during growth.[*!

As reported previously, we carried out X-ray diffraction (XRD)
reciprocal-space map (RSM) measurements of the InAs on GaAs
(111)A sample, and confirmed that nearly unstrained and
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Figure 5. a) Evolution of the reflection high-energy electron diffraction (RHEED) pattern after the growth of InAs (1, 2, 3, and 30 ML [monolayer (ML)]) on
GaAs (111)A. b) AFM images after growing 10 ML InAs on a) GaAs (001) and b) GaAs (111)A. The InAs was grown at 450 °C with a V/IlI ratio of 12.
The growth rate was set at 0.5 MLs™". Reproduced with permission.l'"® Copyright 1996, AIP Publishing.

Figure 6. a) STM image of GaAs (111)A surfaces after the growth of 5 ML InAs. The InAs was grown at 450 °C with V/III ratio of 15. The growth rate was
set at 0.077 MLs™". The STM image was obtained with sample voltages from —1.5 to —3.5V, and tunneling currents of 0.08-0.2 nA. b) A model for the
atomic structure at the InAs/GaAs (111)A interface. Reproduced with permission.?'! Copyright 1997, The American Physical Society.

uniform InAs layers are formed by introducing a misfit disloca-
tion network at the interface.”>**!

As discussed earlier, due to the unique lattice-relaxation mech-
anism of (111)A, most of the lattice relaxation takes place by for-
mation of a dislocation network that is confined to the interface.
If the formation of the dislocation network at the interface con-
tributes to the reduction of threading dislocation (TD) density in
the InAs layer, it is highly promising for the formation of high-
quality metamorphic InAs layers. However, as shown in Figure 6,
the misfit dislocation network is not perfect. Significant numbers

Phys. Status Solidi A 2024, 221, 2300767 2300767 (5 of 13)

of TDs (white spots) and SFs (white line segments) are visible in
the STM image.*"! These defects propagate to the InAs surface
and become visible in the plan-view TEM image (Figure 8b).[**2¢!
Typically, the surface densities of the TDs and SFs + SF tetrahe-
dra are both around 10° cm ™2, as marked in Figure 8b.

Our systematic studies of the InAs/GaAs (111)A system have
revealed another unique feature.””) The X-ray rocking curve
(XRC) of InAs grown on GaAs (111)A normally exhibits a very
broad peak. As shown in Figure 9, the typical full width at half
maximum of the InAs 111 reflection is more than 1500 arcsec for
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Figure 7. Change of in-plane lattice constant of the InAs layer on the GaAs
(111)A substrates as a function of InAs thickness. The in-plane lattice con-
stant (dyq0) were measured from the distance between the 11 and 11
reflections in the RHEED patterns during the growth of InAs. The growth
rate and IlI/V ratio were set at 0.01MLs ' and 50, respectively.
Reproduced with permission.?? Copyright 2000, The American Physical
Society.

100 nm InAs on GaAs (111)A. It is established that crystal imper-
fections cause a broadening of XRD profiles. Since the 115 reflec-
tion peak in the RSM is elongated in the direction perpendicular
to the [115] azimuth, we attribute it to the misorientation of InAs
lattice planes.**

As mentioned earlier, an unexpectedly high density of
dislocations is formed in the InAs on GaAs (111)A. One may
therefore conclude that InAs/GaAs (111)A metamorphic sub-
strates are not suited for the fabrication of InAs-based devices,
as the TDs will act as non-radiative recombination centers and
channels for dark current in optoelectronic devices. While pos-
sible applications of InAs/GaAs (111)A have not been proposed,
we have recently developed InAs-based infrared photodetectors
based on the positive use of the InAs/GaAs (111)A interface.*®

Www.pss-a.com
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Figure 9. The 111 X-ray rocking curve of 100 nm InAs film grown on GaAs
(117)A at 450 °C with an V/III flux ratio of ~50. Reproduced under the
terms of the CC-BY license.[®! Copyright 2020, Springer Nature.

The detector structure consists of an n-InAs optical absorption
layer directly grown with a thin undoped-GaAs spacer layer on
n-GaAs, as shown in Figure 10. In this structure, we observed
very low dark current density at a positive applied voltage (elec-
trons flowing from n-GaAs to n-InAs) of up to ~1V at 77 K.*®
The Fermi level pinning effects caused by the misfit dislocation
network at the interface significantly suppress the dark current
even when we apply high voltage.****~*] On irradiating with
infrared light at 77 K, a clear photocurrent signal was observed,;
however, the details of the mechanism of photocurrent

3 |
. » SET
g) : ™ p
> \
» - . 3
~ x ‘
300nm

Figure 8. a) Cross-sectional and b) plan-view transmission electron microscopy (TEM) image of 300 nm InAs grown on GaAs (111)A at 460 °C.

The growth rate for InAs and As, flux intensity were set at 1 MLs™"'

and 3 x 107> Torr beam equivalent pressure, respectively. The red circles in

(a) mark misfit dislocations at the interface; in (b), the threading dislocation (TD), stacking fault (SF), and stacking fault tetrahedron (SFT) are indicated
by arrows. Reproduced with permission.”®! Copyright 2023, The American Chemical Society.
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20 nm-InAs (Si: 2x10' cm™)

300 nm-InAs (Si: 5x10"7 cm3)
5 ML-InAs (Undoped) —
10 nm-GaAs (Undoped)

50 nm-GaAs (Si: 1x10"®cm)

GaAs (111)A substrate (Si: 1x10'8 cm?3)
AuGe/Ni/Au——

Figure 10. Schematic drawing of the InAs/GaAs (111)A photodetector
structure. Reproduced with permission.”®! Copyright 2023, The American
Chemical Society.

generation are still being studied. An interface with a high density
of misfit dislocation is likely to play an important role in this phe-
nomenon.?**”*8 We also observed detector operation at 294 K
with a 3.2 pm cutoff wavelength.**! The detectivities at 77 and
294K are reasonably good compared with commercialized
InAs-based infrared (IR) detectors grown on InAs substrates,
as shown in Figure 11.

3.2. Extension of the Growth of Lattice-Mismatched
Layer on (111)A

When In,Ga;_,As (x =0.75 or 0.5) or In,Al; ,As (x = 0.6 or 0.52)
is directly grown on GaAs (111)A, where lattice mismatch is

1 1 1 1
1010_5_#_,-\_—.——-—-"'
—_~ <4
o) 9 | L
o 10 3
N ]
I ]
E 8 _MAM
& 100
810-$m1° ® 204K 3
-Z‘ ST 4pu0|m 77K
= o
5 <
b~
Q 107?§§1047 ..o |
8 ‘-5510“ sssmnunnnnnnen <=|easurement limit
128
{W 3 4o L |
© 10002 04 06 08 10 12 14
Voltage (V)
108 . . . .
1.0 1.5 2.0 25 3.0 3.5

Wavelength (um)

Figure 11. Detectivity spectra of the InAs/GaAs(111)A photodetector at
77 and 294 K with positive applied voltages of 1.2 and 0.6 V, respectively.
The inset shows equivalent input noise current density (at 3 kHz) of the
device at 77 and 294 K. Reproduced with permission.?*) Copyright 2023,
The American Chemical Society.
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3.2-5.4%, layer-by-layer growth also occurs and smooth surfaces
are observed.?>*!! In the case of InAs on In,Al;_,As (x=0.52)/
InP(111)A, where the lattice mismatch is around 3.2%, we have
also observed layer-by-layer growth of InAs (Figure S1,
Supporting Information).** In none of these cases was 3D
island growth in SK growth mode observed. These results sug-
gest that lattice mismatches at levels that exceed ~3% cause the
relaxation mechanism induced by the formation of the misfit dis-
location network at the interface. In contrast, when In,Ga;_,As
(x¢=0.25) is grown on GaAs (111)A, where the lattice mismatch
is less than 2%, the layer grows differently.””! At the initial stage
of the growth, strained InGaAs with smooth surface is grown.
When the thickness exceed the critical thickness,®'% roughen-
ing of the surface is observed in AFM observation (Figure 12a).
In Figure 12b, XRD-RSM around asymmetric 115 reflection, two
peaks originating from the strained InGaAs (indicated by the red
arrow) and from the relaxed InGaAs are clearly visible. These
results clearly suggest that attempting strain relaxation by intro-
ducing an interface misfit dislocation network is not effective.
To be able to grow relaxed layers whose lattice constant is close
to the (111)A substrates, we have proposed the use of a thin InAs
interlayer.””) When InAs is grown on GaAs (111)A substrates,
the in-plane lattice constant gradually changes from that of
GaAs to InAs.*"*? The in-plane lattice constant of InAs can
therefore be adjusted to that of the InGaAs by controlling the
thickness of InAs. Figure 12c¢ shows AFM images of 150 nm
In,Ga;_,As (x=0.25) grown on 4.3 ML InAs/GaAs (111)A.
A very smooth surface with a step-and-terrace structure is visible.
The root-mean-square roughness is 0.57 nm. It is clear from the
XRD-RSM image shown in Figure 12d that the peak originating
from InGaAs is single and its position is very close to that of
unstrained bulk InGaAs. Cross-sectional TEM observations
show high-density misfit dislocations to be formed only at the
InAs-GaAs interface and not at the InGaAs-InAs interface.*”!
These results indicate that thin InAs acts as an effective buffer
layer for relaxing the lattice mismatch by introducing a misfit
dislocation network. More interestingly, we found that the thin
InAs interlayer is elastically deformed by growing In,Ga; ,As on
top together with the dislocation density change at the InAs/
GaAs interface, even when the InAs thickness is not optimized:
this approximates the concept of compliant substrates.*>*% This
flexibility, or immunity to experimental error, is highly promis-
ing for future applications.

It is thus possible to fabricate a virtual metamorphic substrate
on GaAs (111)A with a desired lattice constant of In; ,Ga,As
(0< x <1) using simple growth sequences.

Although we focus chiefly on the results of InAs growth on
[II-V semiconductor substrates in this review, the technique
can be also applied to the growth of InAs on Si (111)
substrates.”>***! Techniques for growing III-V layers on Si
substrates are highly important for research into Si photonics
and/or electronic devices with III-V channel layers. Compared
to the surface termination on Si (111) surfaces with In or As,
we found that a smooth and lattice-relaxed InAs layer can be
grown only on an In-terminated Si (111) surface.”” Growth
on As-terminated surfaces results in the formation of large
3D islands due to arsenic’s surface passivation effect. The surface
orientation of InAs grown on In-terminated surface is (111)A.
Strain relaxation also occurs on introducing high-density misfit
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Figure 12. a,c) AFM image and b,d) X-ray diffraction reciprocal-space map (XRD-RSM) around asymmetric 115 reflection of 150 nm Ing 25Gag 75As
directly grown on GaAs (111)A (upper panel) and grown on 4.3 ML InAs interlayer/GaAs (111)A (lower panel). The InAs and InGaAs were grown
at 450°C with the growth rates of 0.085 and 0.3 MLs™", respectively. The As, flux intensity was set at 6~7 x 107> Torr beam equivalent pressure.
Reproduced with permission.?*! Copyright 2016, The American Chemical Society.

dislocations at the interface, but the mechanism is slightly differ-
ent from that of growth on GaAs (111)A. The InAs is nucleated
with its inherent lattice constant from the beginning.
No pseudomorphic InAs layer is formed, likely due to the exces-
sive lattice mismatch of InAs/Si (11.5%).**!

4. QD Growth on (111)A

In this section, we focus on the formation of elastically strained
InAs QDs on lattice-mismatched (111)A substrates, in which
a critical challenge is how to suppress dislocation formation.
By using (111)A crystallographic surface with C;, symmetry, for-
mation of highly symmetrical InAs QDs can be expected. Single
QDs with perfect in-plane symmetry can emit entangled photon
pairs associated with cascade transition from the biexciton state
to the ground state through the exciton state."? It is established
that the widely studied InAs QDs grown on GaAs (001) sub-
strates usually exhibit significant in-plane asymmetry due to
the C,, symmetry of the (001) surfaces.”*** InAs QD formation
on (111)A with C;, symmetry has been attempted to overcome
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this problem.[24’54] As discussed in the previous section, however,
the SK mode is not applicable to the formation of InAs QDs on
(111)A."® As an alternative approach, droplet epitaxy (DE) has
been applied to the growth of InAs QDs. The fundamental idea
of DE is based on the formation of liquid-metal droplets by a sup-
ply of group III atoms, followed by their crystallization into I1I-V
semiconductor nanostructures, induced by a supply of group V
atoms.”>>”! The DE of GaAs QDs/AlGaAs in lattice-matched
systems has been intensively investigated over the last three
decades.?®**>® High-quality entangled photon pair emission
has been demonstrated.!**>%7%

4.1. DE of InAs QDs on GaAs (111)A Substrates

First, InAs QDs growth on GaAs (111)A by DE was attempted,
where lattice mismatch is 7.2%.1°’! After the formation of In
droplets on a GaAs (111)A substrate followed by crystallization
into InAs with a supply of Ass flux, InAs QDs are formed.
Analysis of the RHEED pattern shows the QDs to be elastically
strained and dislocation free at this stage. However, the
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annealing of these QDs at a high temperature (450 °C) without
capping causes lattice relaxation by introducing misfit disloca-
tions.[®®! The annealing of QDs without capping is an essential
process in DE for the formation of high-quality QDs.[****! The
density of QDs also decreases drastically due to the flattening
(disappearing) of smaller QDs. Efficient light emission is unlikely
from QDs with dislocations. As seen in Figure S2, Supporting
Information, we have actually confirmed that no detectable
photoluminescence (PL) emission was observed from capped
InAs QDs. For conventional growth of InAs/GaAs with
simultaneously supplied In and As molecules, as discussed in
Section 3.1, a flat surface morphology and formation of misfit dis-
locations were more favored for growth on (111)A substrates than
on (001) substrates. The present results therefore suggest that lat-
tice mismatch of InAs/GaAs (7.2%) is too great to accommodate
the elastic deformation of QDs on the (111)A substrate, even if 3D
islands are formed by DE.

4.2. DE of InAs QDs on InP (111)A Substrates
To reduce the lattice mismatch between InAs and substrates, DE

of InAs on InP (111)A has been investigated as a possible next
step.**! The lattice mismatch of InAs/InP is 3.2%. After droplet

(@) 0.8 ML

(c)

Www.pss-a.com

formation by a supply of In (0.8 or 1.6 ML) on Ings,Alp 4gAs/
InP(111)A followed by crystallization using a supply of As, flux,
InAs QDs form on the surfaces (Figure 13a,b). Ing s,Alj 45As is
used at this point to create a lattice-matched buffer layer on the
InP (111)A substrate. It is important to note that InAs QDs can
be formed by a supply of In of less than 1 ML. There are no excess
As atoms on the (111)A-(2 x 2) surfaces.”® Nucleation of the
In droplets therefore occurs immediately after supplying
indium for droplet formation on the surface without forming
a 2D layer, which is a characteristic feature when using (111)
A substrates.***#% For droplet formation on (001)-c(4 x 4)
surfaces, in contrast, 1.2-1.7 ML 2D layers are formed prior to
droplet nucleation due to the presence of excess As atoms,[272:6]
Similar to the case of InAs QDs on GaAs(111)A, the uncapped
annealing of the QDs at 370 °C causes significant reduction in
QDs by flattening of small QDs in addition to the shrinkage
of the large QDs, as seen in Figure 13c,d. The outflow of
InAs from the QDs forms a 2D InAs layer around them.*¢®!
Figure 13e shows a cross-sectional TEM image of a capped sam-
ple. The formation of a 1 ML thick 2D layer around the QDs is
confirmed, as indicated by the arrow. Since no dislocation is vis-
ible around the QDs, it is clear that high-quality QDs without
dislocation can be formed by using InP (111)A substrates.

0.8 ML

Figure 13. AFM images of a) 0.8 and b) 1.6 ML InAs quantum dots (QDs) on Ings,Alp 4sAs after crystallization of the In droplets by a supply of As4 flux
(3 x 107° Torr beam equivalent pressure) at 270°C. c,d) AFM images after annealing at 370°C. e) Cross-sectional TEM image of 1.6 ML QDs after
capping. The initial In droplets were formed at 270°C by a supply of In flux without supply of As, flux. Reproduced with permission.?* Copyright

2014, AIP Publishing.
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Figure 14. Schematic illustrations of structural evolution of InAs QDs after annealing. Reproduced with permission.!®® Copyright 2021, The American

Chemical Society.

Systematic studies of DE of the InAs QDs on InAlAs/InP(111)
A reveal a strain-induced QD formation mechanism after
uncapped annealing,®® as summarized in Figure 14. After
annealing at 370 °C, the outflow of InAs from the QDs is sup-
pressed after 2D InAs forms around the QDs to a certain limited
extent (Figure 14a-2,b-2). Originally large QDs remain after
annealing, while small QDs disappear and form 2D islands.
In contrast, annealing at temperatures above 470 °C enhances
the outflow of InAs from the QDs. The 2D growth continues
until the entire surface is covered with a 1 ML thick 2D InAs
layer. When the total amount of supplied InAs is greater than
this saturation thickness (=1 ML), QDs remain even after anneal-
ing (Figure 14b-3). However, no QDs remain after annealing
with less than 1 ML InAs. The suppression of further 2D growth
is attributable to minimizing the strain energy. As seen with SK
growth, the total strain energy is reduced by retaining the InAs
QDs + 2D InAs.**¥I It is interesting that the order of formation
of QDs and 2D InAs are reversed.

Figure 15 shows the PL spectra of InAs QDs capped by
InAlAs.”Y The top panel was measured for the 0.8 ML QDs,
and the bottom panel was measured for the 1.6 ML QDs.
The emission spectra, which originate from the carrier recombi-
nations in QDs, are observed to span from 950 to 1600 nm.
Thus, the QDs are capable of emitting light within the O, C, and
L telecommunications bands.**%*% These very broad emission
spectra are due to the wide distribution of QD sizes. The spectra
consist of multiple split peaks, which are ascribed to the presence
of different families of QDs whose heights vary in single-step ML
increments.***%%3 The spectral split is consistent with the
model calculations, in which we assumed a truncated QD shape
with an atomically flat top, as shown in Figure 13e.** More
remarkably, the PL signals are reliably observed even at 300 K
thanks to the highly crystalline nature of these QD samples.!**]

The inset in the top panel of Figure 15 shows the low-
temperature micro-PL spectrum of a single QD. It reveals a
few split lines, which can be attributed to different exciton
complexes. Later, we examined the polarization property of these
single QDs and confirmed the formation of highly symmetrical
QDs with nearly zero fine-structure splitting at telecommunica-
tion wavelengths.””) More recently, we performed photon corre-
lation and successfully observed anti-bunching characteristics,
which constitute direct evidence of single-photon emission at
a wavelength of around 1.55 pm.”%”"
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Figure 15. Photoluminescence (PL) spectra of a) 0.8 and b) 1.6 ML InAs
QDs (right) on Ing s2Alg 43As/INP(11T)A at 9-300 K formed by droplet epi-
taxy (DE). PL spectra near 800 nm at 9 K (left) are also shown. The inset of
(a) shows the pPL spectrum (at 9K) of a single-InAs QD emitting at
1.5 pm. For the single-QD measurement, In droplets were formed by a
supply of 0.4 ML In at 320 °C. The inset of (b) shows integrated PL inten-
sity of 1.6 ML QDs as an inverse function of temperature. The red line
corresponds to the fitting curve. Reproduced with permission.*!
Copyright 2014, AIP Publishing.

4.3. InAs QDs on Metamorphic InAlAs on GaAs (111)A
Substrates

The integration of the technologies for lattice-relaxed layer for-
mation (Section 3) and high-quality QD formation (Section 4)
opens up another new possibility for quantum light-emitting
devices. While highly luminescent InAs QDs can be formed
on InP (111)A substrates, it is also highly desired to realize quan-
tum light-emitting devices at telecommunications wavelengths

© 2023 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

95U901 SUOLUIOD BA IR, 3|qedt|dde sy Aq peussnob a e ool VO 8Sn J0 3| J0j AeiqiauljuO /8|1 UO (SUONIPUOI-pUe-SWLB)W0d A8 | imAeIq 1jpul|Uo//:Sdny) SUONIPUOD pue SWS 1 8y} 89S *[1202/20/TT] Uo A%iqiaulluo A8 104 a1misu| fuolieN Aq 29/00£202 essd/z00T 0T/10p/wod As | Arelq1jeuljuoy/sdny wouy pspeojumod ‘€T ‘#7202 ‘6T€9298T


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

on GaAs substrates for practical applications. By using the strain-
relaxation mechanism on GaAs (111)A, smooth In.Alj ,As
(*=10.52 or 0.6), metamorphic buffer layers can be grown using
relatively simple growth sequences.[®®’%73] The Ings,Alg4sAs
was grown with insertion of thin InAs on precisely oriented
GaAs (111)A[72] and the Ing Al 4As was directly grown on vicinal
GaAs (111)A (a miscut of 2° toward (1-12)).1*>73! Smooth InAlAs
surfaces are observed in both cases. Using these metamorphic
buffers as virtual substrates, InAs QDs are formed by DE.
After capping, these InAs QDs show bright PL emission at
around the telecommunication wavelengths of 1.3 and
1.55 pm, even at 300 K. While ensembles of the QDs exhibit
bright PL signals, single isolated QDs frequently exhibit PL peaks
with fairly broad linewidths. Polarization analysis also suggests
that a majority of QDs suffer from serious optical anisotropy.”*!
These drawbacks are likely attributable to the low quality of meta-
morphic InAlAs buffers. Further growth optimization is there-
fore necessary.

5. Conclusion

In this article, we reviewed heteroepitaxial growth of InAs on
lattice-mismatched (111)A substrates. On GaAs (111)A sub-
strates, a misfit dislocation network is formed at the initial stage
of InAs growth and 3D island growth by the SK mode is
inhibited. The lattice mismatch between the InAs and GaAs is
gradually relaxed during growth of 1.5-5ML InAs and the
lattice-relaxed InAs layer is continuously grown in layer-by-layer
mode. While flat surfaces are formed, the formation of a high
density of TDs and a broad XRC are confirmed. These are chal-
lenges that remain to be solved. It has been confirmed that the
relaxation mechanism by the formation of a misfit dislocation
network at the interface takes place for In,Ga; ,As (x> 0.5)
and In,Al_As (x>0.5) on GaAs (111)A, InAs/InP (111)A,
and InAs/Si (111), in which the lattice mismatch is large.
However, this mechanism does not work with In,Ga;_,As
(x=0.25)/GaAs (111)A. We have found that the insertion of a
thin InAs interlayer effectively relaxes the lattice mismatch.
The InAs interlayer is elastically deformed by growing
In,Ga;_,As on top together with a dislocation density change
at the InAs/GaAs interface. Possible applications of the
InAs/GaAs(111) structure have recently been proposed. By
taking advantage of the InAs/GaAs interface with high-density
misfit dislocations, we have demonstrated a new type of
infrared photodetector. Due to the strong band pinning effect,
low dark current operation is realized in the shortwave infrared
range.

We also show the formation of highly luminescent InAs QDs
without dislocation on InAlAs/InP (111)A substrates. Since SK
growth cannot be used in this system, we have applied DE.
The systematic studies revealed that 2D InAs layers are formed
by the flow of InAs from the QDs during the uncapped
annealing. The final structure of QDs+a 2D layer is similar
to that achieved in SK mode, but the order of formation is
reversed. High-yield PL emission at around telecommunication
wavelengths was observed in macro- and micro-PL. The
integration of lattice-relaxed layer formation and high-quality
QDs formation to create highly luminescent QDs can be realized
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on GaAs (111)A substrates by using metamorphic InAlAs
buffers.

By elucidating and controlling the characteristic strain-
relaxation mechanism on (111)A substrates, new possibilities
have been opened for InAs-based photonic devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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