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a b s t r a c t   

The evolution of the surface morphology and underlying pyramidal defects in homoepitaxial GaAs (110) 
layers was investigated with respect to the layer thickness up to 1 µm. Ga and As atoms coexisting in a one- 
to-one atomic ratio on the (110)-oriented GaAs surface exhibit different incorporation rates and adatom 
migration rates, giving rise to local As atomic disordering in the epitaxial layer. Accordingly, this disordering 
triggers distinctive shapes of three-dimensional surface islands composed of specific facets and underlying 
microtwins. Single triangular-shaped islands initially appear at an early stage of epitaxial growth. With 
increasing layer thickness, all of the single triangular islands suddenly become paired triangular islands by 
forming secondary single triangular islands nearby, like decalcomania. A further increase of the layer 
thickness induces a complete transformation into four-legged starfish shapes containing directional side 
edges. At this stage, the underlying pyramidal defects of the surface islands are filled with {111} microtwins. 
Surprisingly, the evolutions of island shapes and underlying twin formation are closely associated with the 
strain relaxation in the thick GaAs (110) layers, which is unexpected in any homoepitaxial system. We found 
that a higher growth temperature retards the shape evolution of surface islands, leading to suppression of 
compressive strain. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

Extensive fundamental studies on homoepitaxial GaAs (110) 
growth have been motivated by interest in fabricating device 
structures on non-(100)-oriented surfaces and specific applications 
such as two-dimensional electron gas structures and spintronic 
devices for longer spin relaxation times [1–5]. However, the fact that 
homoepitaxial growth of polar III–V compound semiconductors is 
difficult in the case of (110)-oriented surfaces compared with growth 
of nonpolar Si and Ge is not widely known; this difficulty stems from 
the different incorporation rates between group III and group V 
elements. 

Unlike GaAs (100) and (111) surfaces, which consist of alternating 
Ga and As monolayers stacked perpendicular to the surface, a 
monolayer of GaAs (110) is composed of equal numbers of Ga and As 
atoms [6]. Therefore, GaAs (110) itself can be considered a nonpolar 
surface. However, the differences in the incorporation and surface 
migration rates between Ga and As adatoms trigger extremely in-
tricate phenomena during further epitaxial growth of III–V com-
pounds, such as unusual surface morphologies resulting from 
adatom incorporation kinetics and anisotropic adatom migration  
[6–16]. Consequently, the growth of a high-quality homoepitaxial 
GaAs (110) layer with a smooth surface morphology should be op-
timized by controlling growth temperature and the V/III flux ratio 
within extremely narrow limits. 

Joyce et al. extensively studied the surface morphology of GaAs 
(110) in the early stage epitaxial growth and emphasized the role of 
the experimental step, which was closely related to the fabrication 
conditions such as a growth temperature, V/III flux ratio, and As flux 
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type (As2 or As4) [6–13,15]. According to previous studies, a high V/III 
flux ratio resulting from the supply of excessive As (>  20:1) and a 
low growth temperature (450–500 °C) are required to obtain a 
smooth surface without forming three-dimensional (3D) islands  
[8,11,13]. This condition is presumably ascribed to As exhibiting a 
lower incorporation coefficient than Ga on the GaAs (110) surface 
because of preferential thermal desorption of As [14,17]. Triangular 
islands are a well-known typical 3D characteristic of homoepitaxial 
GaAs (110) layers and have been intensively investigated on the basis 
of the surface kinetics of As atom dimerization and adatom migra-
tion to clarify their origin [7,8,18,19]. The formation of these islands 
is apparently suppressed under specific fabrication conditions [8]. 
However, most previous works have concentrated on suppressing 
the formation of triangular islands at the early stage of epitaxial 
growth [7,18,19]. It has been unclear that the underlying defects or 
strain accumulation triggered by the local nonstoichiometry are 
closely related to the aforementioned 3D islands. Detailed in-
vestigations of the origin of the 3D surface islands, underlying de-
fects, and the corresponding strain are needed to advance the 
applications of devices based on GaAs (110) with a thickness ranging 
from a few hundred nanometers to the micrometer scale [20,21]. 

In this study, we carefully investigated the evolution of the 3D 
island morphology and underlying pyramidal defects with respect to 
the thickness of homoepitaxial GaAs (110) layers. In obvious contrast 
to the previous related works, which mostly examined the triangular 
surface islands and the consequent surface roughening at low cov-
erages [7,18,19], we found that 3D surface islands evolve through 
four different stages by changing their shape and dimensions as the 
GaAs (110) layer thickness is increased to 1 µm. When a GaAs (110) 
layer reaches the critical thickness, the triangular islands are im-
mediately formed with directional side edges, followed by the for-
mation of paired triangular islands. These paired islands 
continuously evolve into four-legged starfish-shaped islands and 
become sharpened. To our knowledge, neither the evolution of the 
surface island shape nor the corresponding underlying pyramidal 
defects in homoepitaxial thick GaAs (110) layers has been previously 
reported. In particular, the starfish-shaped islands have never been 
observed in the epitaxial crystal growth of any material. Atomic 
force microscopy (AFM) and X-ray diffraction (XRD) are used to 
characterize the surface morphology and strain relaxation as func-
tions of the GaAs (110) layer thickness. High-resolution transmission 
electron microscopy (HRTEM) analyses reveal that two separated 
underlying pyramidal defects coalesce and become larger at the 
formation stage of the paired triangular islands. A density functional 
theory (DFT)-based ab initio thermodynamic method is used to 
elucidate the stacking fault formation mechanism. The pyramidal 
defects are found to be agglomerations of entangled stacking faults 
and multiple microtwins which was occasionally observed in the 
growth of ZnSe layers [22]. We propose a pathway to suppress the 
formation of surface islands by reducing the internal compressive 
strain. 

2. Experimental 

The homoepitaxial GaAs (110) growth experiments were carried 
out using a molecular beam epitaxy (MBE, Riber Compact 21 T) 
system. Epi-ready semi-insulating GaAs (110) substrates with an on- 
axis orientation were pre-baked at 250 °C for 30 min in the in-
troduction chamber of the MBE system. The substrates were im-
mediately transferred to the growth chamber and heated to 610 °C 
for 10 min under an As2 atmosphere to thermally desorb a surface 
native oxide layer, which was verified by the appearance of (1 × 1) 
reflection high-energy electron diffraction (RHEED) patterns. The 
substrate temperature was precisely monitored using a combination 
of an optical pyrometer and a thermocouple. The homoepitaxial 
GaAs (110) layers were grown at temperatures ranging from 360° to 

420°C, which are typical growth temperatures reported in the lit-
erature to lead to smooth GaAs (110) surfaces [7,8,11]. The growth 
rate was fixed at 1.0 Å sec−1 with an As2/Ga incoming flux ratio of 
100 to determine the optimum surface morphology. The key ex-
perimental variable in this study was the thickness of the GaAs (110) 
layer, which ranged from 200 to 1000 nm for observation of the 
evolution of surface islands and underlying pyramidal defects. The 
surface morphology and island dimensions on the GaAs (110) layers 
with different thicknesses were examined by AFM of contact mode 
(Park Systems, XE-100) in air. The crystalline quality and underlying 
microstructural defects, including stacking faults and multiple twins, 
were observed using a cross-sectional HRTEM (FEI, Titan 80-300) 
operated at 300 keV. Furthermore, internal strain stored in the GaAs 
(110) layers was characterized by XRD in ω–2θ scan mode on a Ri-
gaku ATX-G equipped with a Cu Kα radiation source operated at 
12 kW to observe the out-of-plane lattice spacing. The agglomera-
tion of Ga or As atoms at the surface was verified by compositional 
mapping by electron-probe microanalysis (EPMA, JEOL JXA-8500F) 
operated at 15 kV. 

The DFT calculations were performed using the Vienna Ab initio 
Simulation Package [23–26]. The projector-augmented wave [27,28] 
method was used to describe the interaction between core and va-
lence electrons. The local density approximation [29,30] was used as 
the exchange-correlation functional, with the plane-wave basis 
function within 500 eV cutoff energy. The 3d, 4s, and 4p electrons of 
Ga as well as the 4s and 4p electrons of As were treated as valence 
electrons. The atomic positions were relaxed until the forces were 
less than 10−4 eV Å−1 using 12 × 12 × 12 k-points for the conventional 
bulk unit cell of zinc-blende-structured GaAs. For the surface-energy 
calculations, a slab supercell consisting of unreconstructed bottom 
and reconstructed top surfaces was generated from the relaxed bulk 
unit cell, where the dangling bonds of the unreconstructed bottom 
surface were saturated with pseudo-hydrogen (ZH = 1.25 for a Ga–H 
bond and ZH = 0.75 for an As–H bond). When the slab was relaxed, 
only the atoms in the top five layers were relaxed until the forces 
were less than 0.02 eV Å−1; the position of the other atoms at bottom 
layers, including hydrogen, was fixed. The k-points along the in- 
plane directions for the surface slab structures were scaled ac-
cording to the cell size to maintain a k-point density similar to that 
of the bulk unit cell. The convergence of surface energy with respect 
to the cutoff energy as well as the number of k-points, atomic layers, 
and vacuum thickness of the slab was all confirmed, consistent with 
a previous report [31]. In addition, dipole correction along the va-
cuum direction was implemented [32]. 

3. Results and discussion 

Fig. 1a–e shows 10 µm × 10 µm AFM height images of GaAs (110) 
layers grown at 360 °C; the images correspond to different thick-
nesses of 200, 300, 350, 500, and 1000 nm, respectively. In clear 
contrast to the absence of characteristic 3D surface features on the 
200 nm-thick GaAs (110) layer with a root-mean-square (rms) 
roughness of 0.573 nm, as shown in Fig. 1a, the thicker GaAs (110) 
layers in Fig. 1b–e exhibit extraordinary shape evolution of surface 
islands depending on the layer thickness. Remarkably, the surface 
islands change shape while maintaining the direction of the side 
edges. The surface islands have four different specific shapes in  
Fig. 1: single triangles (b), paired triangles (c), four-legged starfish 
(d), and sharpened four-legged starfish (e). The single triangular is-
lands have been the most frequently observed feature in previous 
reported on homoepitaxial GaAs (110) films. Unlike the few-mono-
layer-high triangular islands reported in previous works [7,18,19], 
our single triangular islands appear at a thickness of 300 nm and 
exhibit a much greater average height of 3 nm. The AFM analyses 
reveal that all of the apexes are exactly oriented along the [001] 
direction and that the side edges of the single triangular islands are 
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oriented along the [223̄] and [2̄2̄3̄] directions. We will later explain 
that the fixed direction of the side edges is not an accidental event 
but is related to underlying twins and to the formation of a low- 
index surface with low energy. The most surprising observation in 
the 350 nm-thick layer is that all of the individual single triangles 
become paired triangles by forming a secondary triangle, sharing the 
apex of a pre-existing primary triangle as shown in Fig. 1c. Whereas 
the two side edges of the primary triangles maintain the < 223 > 
direction, those of the secondary triangles have an in-plane direction 
of < 113 > with a narrower internal angle. Notably, all surface islands 
on the 350 nm-thick GaAs (110) layer are completely paired trian-
gles. Although numerous authors have reported that the side edges 
of surface triangles align along either the < 112 > or < 115 > direction  
[7,11,12,15,18,19,33], the present work is the first observation of 
paired triangles with two distinctive directions of side edges. 

Another important finding is that the body of the triangles sub-
sides by leaving the side edge faceted. This phenomenon begins to 
occur at a layer thickness of 350 nm and becomes manifest in 
500 nm-thick GaAs (110) layers, as shown in Fig. 1c and d, respec-
tively. While both the angles and side-edge directions remain 
along < 223 > and < 113 > , the lateral dimension of the paired trian-
gles becomes significantly larger as the GaAs (110) layer thickness 
increases from 350 to 500 nm. In this case, the surface islands are 
referred to as “four-legged starfish.” Additional epitaxial growth to 
1000 nm results in sharpening of the four legs, as displayed in Fig. 1e. 
At this stage, the leg lengths and internal angles between the pri-
mary and secondary triangles are distinguishable, as clearly shown 
in Fig. 1f, which shows a 30°-tilted 3D AFM image of a sharpened 
four-legged starfish. That is, the primary triangles possess longer 
legs and wider internal angles than the secondary triangles. 

Although these surface islands are speculated to have originated 
from structural deformation, they could also have originated from 

the compositional agglomeration of Ga atoms, which can occur be-
cause of the preferential desorption or disordering of As atoms. The 
composition of the surface islands was examined by EPMA. Fig. S1 
shows 20 µm × 20 µm secondary (SL) and backscattered (CP) electron 
images and the compositional mapping obtained from the same 
surface area for the four-legged starfish islands formed on a 500 nm- 
thick GaAs (110) layer. The elemental mapping images reveal that 
the four-legged starfish are not simple agglomerations of either Ga 
or As. 

Previously reported experimental results obtained from AFM 
analyses have not explained the relationship between the evolution 
of the surface island shape and the GaAs (110) layer thickness. We 
postulate that the evolution is related to the relaxation of strain 
stored in the thick GaAs (110) layers. Numerous previous studies 
have examined the homoepitaxial growth of GaAs (110)  
[7,8,11–13,15,18,19]; however, most of them have focused on single 
triangular island formation at extremely thin ranges, without con-
sidering internal strain and underlying defects. Fig. 2 compares the 
normal-incidence XRD peaks of the GaAs (110) layers with different 
thicknesses of 200, 500, and 1000 nm with those of a bare GaAs (110) 
substrate. This comparison reveals that the most intense peak in all 
of samples is the GaAs (220) reflection from the substrate. Re-
markably, the XRD curves, excluding that of the bare GaAs (110) 
substrate, show additional peaks that are shifted toward lower an-
gles, indicating that out-of-plane lattice expansion occurred in all of 
the epitaxial layers because of excess As in GaAs layers grown at low 
temperature such as 200–300 °C [16,34,35]. The in-plane compres-
sive strain in the three different thicknesses was calculated using the 
peak shifts relative to the peaks of the substrate considering Poisson 
ratio and was found to be − 0.280%, − 0.256%, and − 0.127%, respec-
tively. The decrease in the out-of-plane lattice expansion as the layer 
thickness is increased to 1000 nm implies a decrease in the in-plane 

Fig. 1. AFM height images of GaAs (110) layers grown at 360 °C to different thicknesses of (a) 200 nm, (b) 300 nm, (c) 350 nm, (d) 500 nm, and (e) 1000 nm. Scale bar is 2 µm. The 
insets in (b)–(e) are the 2.5-fold magnified images of one of the surface islands on the films of different thickness, named (b) a single triangle, (c) a paired triangle, (d) a four-legged 
starfish, and (e) a sharpened four-legged starfish, respectively. (f) 30°-tilted 3D AFM image of a sharpened four-legged starfish obtained from (e), showing the side edges of 
primary and secondary triangles with specific directions of < 113 > and < 223 > , respectively. 
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compressive strain, as shown in Fig. 2. We therefore speculate that 
the formation and evolution of surface islands are closely related to 
the relaxation of internal strain. 

We used TEM to investigate the underlying microstructures of 
the GaAs (110) layers, which may provide clues about the island 
shape evolution and the corresponding strain relaxation. Fig. 3 dis-
plays a secondary-electron scanning electron microscopy (SE-SEM) 
image and the corresponding cross-sectional bright-field (BF) TEM 
image of sharpened four-legged starfish formed on a 1000 nm-thick 
GaAs (110) layer. For more informative observations, the cross-sec-
tioned sample was cut across the middle of the starfish, as marked in  
Fig. 3a, to enable simultaneous exploration of the areas underlying 
the primary and secondary triangles. According to the cross-sec-
tional BF TEM image of the [110] zone axis shown in Fig. 3b, the 
sharpened four-legged starfish has an underlying pyramidal defect 
bounded by {111} boundary planes and the inner angle of the lowest 

vertex between the (1̄11) and (111) planes is 109.5°. The inside of 
the underlying pyramid is highly defective compared with the out-
side, but the defect density is not uniform. In this pyramidal defect, 
zones I and IV correspond to the region below the secondary and 
primary triangles, respectively, whereas zones II and III correspond 
to the upper and lower parts of the center region underneath the 
apexes, respectively. Zone I appears more defective than zone IV. 
Zones II and III exhibit the greatest contrast in defects. The two 
territories of zones I and IV are clearly distinguishable from the 
defect-free epitaxial layer by the {111} boundary planes. Notably, the 
lowest vertex of the pyramidal defect is located approximately 
750 nm deep in the GaAs (110) epitaxial layer and 250 nm from the 
substrate surface. Here, the distance of 250 nm between the sub-
strate surface and the lowest vertex of the underlying pyramidal 
defect is defined as the critical thickness in this study. From this 
experimental observation, the formation of underlying pyramidal 
defects and the formation of single primary triangles are reasonably 
estimated to begin simultaneously at approximately 250 nm thick-
ness. This estimate is further supported by the smooth surface of the 
200 nm-thick specimen in Fig. 1a and the appearance of primary 
triangles on the 300 nm-thick specimen in Fig. 1b. 

For a more comprehensive understanding of the formation of 
pyramidal defects, we thoroughly examined the microstructures 
using TEM. Fig. 4a–d are BF TEM images showing zones I–IV, re-
spectively, and Fig. 4e–h are HRTEM images of the white-dotted 
areas in the upper images and the corresponding fast Fourier 
transform (FFT) diffraction patterns along the < 110 > direction. As 
predicted by the dark contrast in the center region of the pyramidal 
defect observed in Fig. 4b and c, zones II and III show a substantially 
high density of microtwins, as verified by Fig. 4f and g, respectively. 
This observation is in contrast to that for zones I and IV below the 
secondary and primary triangles shown in Fig. 4a, d, e, and h. 
Whereas zone IV has only (1̄11) twin planes (magnified in Fig. 4h), 
zone I consists of mostly (1̄11̄) twin planes but (1̄11̄)-s twin planes 
coexist sparsely (magnified in Fig. 4e). Here, “s” indicates the 
transformed secondary matrix and is explained in Fig. S3. In addition 
to the diffraction spots from the zinc blende matrix, conjugate spots 
from twinning along the < 111 > directions are observed. 

The most important finding in the cross-sectional HRTEM ob-
servations is that the underlying pyramidal defect is composed 
predominantly of stacking faults (SFs) and microtwins on {111} 
planes, which belong to the inherent twin system of GaAs. 
Because < 111 > is a polar direction, the {111} boundary plane below 
the primary side can be assigned to either the Ga-terminated (111)A 
plane, which contains (111), (11̄1̄), (1̄11̄), and (1̄1̄1), or the As-ter-
minated (111)B plane, which contains (1̄11), (11̄1), (111̄), and (1̄1̄1̄). 
However, both AFM and HRTEM observations show that surface is-
lands and underlying SFs are more easily formed in the primary than 
in the secondary side, indicating that the plane vulnerable to the SF 
would be in the primary side. Previous reports estimating the 
probability of SF formation during epitaxial growth have demon-
strated that the crystallographic orientation showing the high-den-
sity SF plane corresponds to the one that exhibits a small increase in 
surface energy as a result of SF formation [36–38]. 

Therefore, we investigated the preference of SF formation be-
tween (111)A and (111)B planes by calculating the surface energy 
and its increase after SF formation using a DFT-based ab initio 
thermodynamic method [39]. The surface energy and stable re-
construction of compound semiconductor materials change de-
pending on the growth conditions. Fig. 5a shows the surface energy 
of GaAs (111)A and (111)B as a function of temperature at a fixed As 
pressure of 4 × 10−9 atm, which is similar to the MBE growth con-
dition. The vertical dotted line denotes the growth temperature of 
360 °C. The most stable reconstruction for each surface is denoted, 
and the calculated results are in agreement with the in situ RHEED 
observation that, as temperature increases, the GaAs (111)A surface 

Fig. 2. XRD ω–2θ patterns of GaAs (110) layers of three different thicknesses, as 
compared to the pattern of a bare GaAs (110) substrate. Arrows indicate additional 
peaks observed at individual thicknesses. The quantitative amount of in-plane com-
pressive strain in the 200, 500, and 1000 nm-thick GaAs (110) layers is − 0.280%, 
− 0.256%, and − 0.127%, respectively. 

Fig. 3. (a) A top-view SE-SEM image of sharpened four-legged starfish formed on 
1000 nm-thick GaAs (110) layer; (b) a cross-sectional BF TEM image cut along the 
dotted line between A and B in Fig. (a). In the pyramidal defect, zones I and IV cor-
respond to the secondary and primary triangles, respectively; zones II and III are the 
upper and lower parts of the center area below the apex shared by two triangles. Scale 
bar is 500 nm. 
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maintains (2 × 2) reconstruction, whereas the (111)B surface changes 
from (2 × 2) to (√19 × √19) [40]. A Ga-vacancy(2 × 2) on the (111)A 
surface and an As-trimer(2 × 2) on the (111)B surface are the most 

stable at 360 °C; the top views and side views of the corresponding 
atomic structures are shown in Fig. 5b and c. For these reconstruc-
tions, the increase in surface energy resulting from the formation of 

Fig. 4. (a)–(d) BF TEM images of zones I, II, III, and IV indicated in Fig. 3; (e)–(h) HRTEM images of the white-dotted areas in (a)–(d). Insets in (e)–(h) show the corresponding fast 
Fourier transform (FFT) diffraction patterns along the < 110 > direction. Three different twin planes—(111), (), and (111)-s—are represented with green, yellow, and red, re-
spectively. Note that the {111} twin planes are exactly perpendicular to the < 111 > directions (green, yellow, and red arrows in insets of (e)–(h)). 

Fig. 5. (a) Calculated surface energies (γ) of GaAs (111)A (red line) and (111)B (blue line); (b) top view of the reconstructed unit cells of the GaAs (111)A Ga-vacancy(2 × 2) and (111) 
B As-trimer(2 × 2). (c) The side view of the GaAs (111)A Ga-vacancy(2 × 2) and (111)B As-trimer(2 × 2) with and without stacking faults, and (d) the calculated changes in surface 
energy with increasing in-plane compressive strain. The stacking sequences are denoted from the bottom to the top, as shown above the atomic structures in (c), such that the 
sequence is C–B–A–C–B for GaAs (111)A Ga-vacancy(2 × 2) without a stacking fault. For (c) and (d), the in-plane compressive strain is considered. 
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SF and its dependence on in-plane strain ( ,xx yy) up to 4% are cal-
culated; the results are shown in Fig. 5d. As the compressive strain 
increases, the magnitude of the energy increase on the (111)A sur-
face increases from 3.15 meV Å−2 (50.4 mJ m−2) to 3.61 meV Å−2 

(57.8 mJ m−2); by contrast, that on the (111)B surface decreases from 
2.27 meV Å−2 (36.3 mJ m−2) to 1.62 meV Å−2 (25.9 mJ m−2). Irrespec-
tive of the strain, SF formation is more likely on the (111)B surface 
than on the (111)A surface and is enhanced by the in-plane com-
pressive strain only on the (111)B surface. This finding explains why 
the underlying SF and the subsequently formed surface islands are 
always created on one side (primary, (111)B) and why SF formation, 
which is one of the strain relaxation mechanisms, is promoted by the 
accumulated compressive strain, as shown in Fig. 2. After the first SF 
plane (i.e., (1̄11) boundary plane in Fig. 3b) forms above the critical 
thickness (~250 nm in Fig. 3b), stress is partially released. This re-
lease facilitates SF formation on (111)A, which was calculated to be 
promoted by the relaxation of the in-plane compressive strain. 
Therefore, the consecutive formation and connecting morphology of 
the primary and secondary triangles are attributed to the opposite 
tendency of SF formation with respect to the in-plane compressive 
strain for the (111)A and (111)B surfaces. 

We next investigated the relationship between the surface islands 
and the underlying pyramidal defects by considering the atomic re-
arrangement of the SF-induced twin. Fig. S2a and b show a 30°-tilted 
3D AFM image of the sharpened four-legged starfish and the corre-
sponding line profile, respectively. To determine the side edges of the 
sharpened four-legged starfish, two vectors composing the two lines 
of one side facet on the primary side, named Vector1 (black) and 
Vector2 (red) in Fig. S2, are denoted as [ x11 ] and [ y11 ], respectively, 
where x and y are arbitrary positive numbers. Because the (111)B twin 
plane is located below the primary side of the sharpened four-legged 
starfish, the atomic arrangement is determined by the twin-trans-
formed coordinates [41]. Fig. S3 shows a schematic of the underlying 
atomic structures with corresponding transformation matrices and 
transformed coordinates, where regions rearranged by the (111)A and 
(111)B twin operations are distinguished by the indices “secondary” 
(s) and “primary” (p), respectively. Accordingly, the transformed re-
presentations of Vector1 and Vector2 are 1

3
[ +x x x3 2 , 3 2 , ]-p and 

1
3

[ + +y y y1 2 , 1 2 , 4 ]-p, respectively; the cross product of the 

two vectors, 1
3

[ + +x y x y y3 4, 3 4, 4 2]-p, is the normal vector 
of the side facet enclosed by the two vectors. This relationship implies 
that the possible surface orientations of the side facet vary depending 
on the combinations of x and y. Because of the high surface energy of 
high-index surfaces, however, only several low-index facets ({100}, 
{110}, {111}A, {111}B) are usually formed in GaAs [42]. If the candidate 
side facets are constrained to these low-index surfaces, only two 
combinations are plausible: the {100}-p side facet when (x, y) = (1.5, 
0.5) and the {110}-p side facet when (x, y) = (3, 5). 

Similar conjecture is applied to the secondary side of the shar-
pened four-legged starfish by setting Vector3 as [ x11 ] and Vector4 
as [ y11 ], as shown in Fig. S2. By transforming to the secondary co-
ordinate system, we obtain the same results as those for the primary 
side: the {100}-s side facet when (x , y ) = (1.5, 0.5) and the {110}-s 
side facet when (x , y ) = (3, 5). In the present study, the side edges 
on the primary and secondary islands are assigned to < 223 > and <  
113 > , respectively, because the angle between the two side edges in 
a primary island is always larger than that in a secondary island. 
Notably, the protrusions form specific low-index facets such as {100} 
and {110} planes by aligning the side edges to the specific direction, 
which also well matches the observed angle in AFM and SE-SEM 
images. This alignment is why the surface islands maintain constant 
directions of side edges irrespective of the GaAs (110) layer thickness 
and island morphology. 

By observing the shape evolution of surface islands along with 
underlying pyramidal defects composed of several microtwins, we 

demonstrated that the shape evolution of surface islands is related 
to the formation of microtwins to relieve the compressive strain in a 
homoepitaxial GaAs (110) layer. We verified that the central region 
in the vicinity of the (1̄11̄)-s boundary plane in the underlying 
pyramidal defects is highly defective, as demonstrated in the cross- 
sectional TEM images in Figs. 3 and 4. However, whether the whole 
central region consists of high-density microtwins along {111} 
planes is unclear. The assumption that all of the microtwins from 
both sides coincide one by one along the (1̄11̄)-s plane is un-
reasonable because a time lag occurs between the formation of 
primary and secondary triangles at the early stage. A series of results 
clarifies why the microtwins below primary sides form earlier than 
those below secondary sides. On the basis of the AFM and SEM ob-
servations of the sharpened four-legged starfish (Figs. 1e and 3a), the 
contact point where two apexes meet becomes distorted and bumpy 
with increasing GaAs (110) layer thickness. We speculate that the 
microtwins of secondary sides coalesce into the preexisting ones of 
the primary sides at the transition stage from the paired triangle to 
the four-legged starfish. 

Inspired by the literature claiming that excess As is incorporated 
at low temperatures [16,34,35,43–45], we further increased the 
growth temperature from 360 °C to 420 °C to fundamentally ob-
struct the internal strain and suppress the formation of surface is-
lands as well as the underlying microtwins by reducing the 
concentration of excess As. Fig. 6 shows the surface morphology of 
1000 nm-thick GaAs (110) layers grown at increased substrate 
temperatures of 400 °C and 420 °C. Surprisingly, the formation of the 
four-legged starfish is greatly suppressed at 400 °C and completely 
suppressed at 420 °C. This observation indicates that the magnitude 
of the stored compressive strain becomes lower than that at 360 °C. 
Meanwhile, another surface feature is observed as a parallel line 
undulation along the [110] direction in the layers grown at both 
growth temperatures. The top surface of the specimen grown at 
420 °C shows only parallel line undulation in the absence of any 
surface islands, resulting in an extremely low rms roughness of 
0.5 nm, as shown in Fig. 6. The average length of the line undulations 
of the surface is approximately 2 µm, which is similar to the distance 
between two ends of primary legs. We speculate that these surface 
line undulations originate from the microtwins in the outside of the 
pyramidal defects, as depicted in Fig. 4d. 

We already found from XRD analysis that the compressive strain 
stored in GaAs (110) layers decreases with increasing thickness 
(Fig. 2). Although the strain is tremendously relaxed at 1000 nm 
thickness, the residual strain from unwanted surface islands and 
underlying pyramidal defects remains. Fig. 7 shows the results of the 
ω–2θ scan mode XRD analysis, which was performed to evaluate the 

Fig. 6. AFM height images of 1000 nm-thick GaAs (110) grown at (a) 400 °C and (b) 
420 °C. Scale bar is 2 µm. 
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internal strain between two growth temperatures of 360 and 420 °C. 
The GaAs (220) peak in the layer grown at 420 °C becomes sharper 
without exhibiting peak shift, indicating no internal compressive 
strain. This experimental result shows that the surface island for-
mation and the subsequent shape evolution are clearly associated 
with the internal strain induced by excess As. 

In this study, we demonstrated the shape evolutions of the sur-
face islands and the corresponding underlying pyramidal defects in 
the homoepitaxial GaAs (110) layers with respect to their thickness 
and growth temperature. Our experimental results clearly indicate 
that the evolutions are strongly associated with the relaxation of 
compressive strain stored in the layer above the critical thickness. In 
general, mismatches in lattice constants and thermal expansion 
coefficients are considered a direct source of internal strain in het-
eroepitaxial systems. Elastic strain accumulated at the initial stage is 
eventually released via either cross-hatch dislocations or three-di-
mensional surface roughening upon the layer reaching the critical 
thickness. This simple strain-relaxation phenomenon is not directly 
applicable to homoepitaxial GaAs (110) because of the absence of 
mismatches in the lattice constants and thermal expansion coeffi-
cients. Instead, the strain and relaxation mechanism caused by ex-
cess As or local stoichiometric disorder should be carefully studied in 
terms of polarity and the coexistence of Ga and As atoms on the 
GaAs (110) surface, which is related to their different incorporation 
rates. These unusual properties lead to the incorporation of less As 
into the GaAs (110) layer than into the (100) layer during homo-
epitaxial growth, which has led some authors to claim that a high As 
overpressure and low growth temperature are required to achieve a 
GaAs (110) layer with a two-dimensionally smooth surface  
[7,11–15,17]. However, further studies on the microstructural ana-
lysis of GaAs (110) layers resulting from the greater supply and in-
corporation of As have not yet been reported. Several studies have 
focused on the surface morphology and growth mode at the initial 
stage of growth, mainly using AFM analyses [11,13,15,18]. This ap-
proach is in clear contrast to our experimental approach of exploring 
the shape evolution of the surface islands and microtwins related to 
strain relaxation at practical thickness ranges. However, the single 
triangular islands reported in the literature almost certainly result 
from local stoichiometric disorder such as As dimerization along the 
side-edge directions irrespective of strain relaxation [7,11,18]. This 
fact implies that controlling the amount of As incorporated into the 
GaAs (110) layer to achieve perfect one-to-one Ga/As stoichiometry 
and crystallinity is difficult. Therefore, the experimental results 

obtained in the present study provide useful information about the 
strain relaxation mechanism of homoepitaxial GaAs (110) layers via 
formation of surface islands and underlying pyramidal defects. The 
shape evolution of the surface islands from single triangles to 
sharpened four-legged starfish and the corresponding pyramidal 
defect behavior, including the microtwin distributions, are system-
atically demonstrated with respect to the GaAs (110) layer thickness, 
which has not been previously reported. Although we deduced a 
method to suppress the surface islands and underlying pyramidal 
defects in the thickest GaAs (110) layer of 1000 nm, further optimi-
zation of the epitaxial growth conditions is necessary to solve the 
problem of very-low-density microtwins observed outside the pyr-
amidal defects. The cause of the microtwin formation has not been 
verified in the present study, and they apparently cannot be ori-
ginally avoided if they nucleate from the interface via local non-
stoichiometric points on the GaAs (110) substrate surface. 

Attempts to differentiate the single triangular islands on the 
300 nm-thick GaAs (110) layer in the present study from those 
formed during the very initial growth stage, as reported in the lit-
erature [7,18,19], may lead to confusion. The origin of the triangular 
islands with a height of a few monolayers during the initial growth 
stage remains a topic of debate. First, preferential growth occurs at 
the sidewalls of triangle edges in the As-limited regime because of 
the low As flux and high growth temperature [8]. Second, growth- 
rate anisotropy results in stabilization of the triangular facets on the 
(110) surface by As atoms at high As flux and low growth tem-
peratures [46]. Third, triangular facets result from different migra-
tion pathways and stable arriving sites for Ga and As adatoms 
because the most stable sites for the incorporation of incoming 
adatoms are located along the side edges [18]. Fourth, dimerization 
of As atoms along the side-edge directions creates an effective en-
ergy barrier for adatom surface diffusion, which is presumably a 
direct cause of the triangular-shaped islands, as commonly postu-
lated [13,47,48]. However, many previous studies have reported 
various side-edge directions such as < 112 > , < 113 > , and < 115 > on 
the basis of experimental observations and simple atomic arrange-
ment modeling. All of the aforementioned origins are controversial 
and provide no clear explanation for the triangular island formation 
and the corresponding growth conditions such as a substrate tem-
perature and As flux ratio. We speculate that the single triangular 
islands are formed at the initial stage through one of the afore-
mentioned mechanisms but then play a pivotal role in strain and 
relaxation with the emergence of the underlying pyramidal defects. 

4. Conclusions 

We have investigated the shape evolution of surface islands from 
single triangles to sharpened four-legged starfish formed on rela-
tively thick homoepitaxial GaAs (110) layers. The surface islands 
whose formation initiated from the excess As or local stoichiometric 
disorder are associated with the strain and relaxation at the thick 
layer above the critical thickness with the formation of the under-
lying pyramidal defects. The high-density microtwins that occur in 
the pyramidal defects also play an important role in strain relaxation 
of the compressive strain stored in the thick GaAs (110) layers. The 
concentration of excess As is reduced by the higher growth tem-
perature of the GaAs (110) layer, resulting in neither surface islands 
nor underlying pyramidal defects because less strain is accumulated. 
We suggested the significantly narrow optimal growth condition 
suppressing stoichiometric disorder and excess amount of As. These 
analyses can be used to optimize the growth conditions for other As- 
based III–V compound semiconductors with (110) orientation, which 
are expected to have similar adatom kinetics during epitaxial growth 
as the layers grown in our study. 

Fig. 7. XRD ω–2θ scans of 1000 nm thick GaAs (110) layers grown at different tem-
peratures. An arrow indicates additional peaks resulting from in-plane compressive 
strain in the GaAs (110) layer grown at 360 °C. No additional peak is observed in the 
layer grown at 420 °C, indicating no residual internal strain. 
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