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3Institute of Physics, PAS, AL. Lotników 32/46, 02-668 Warszawa, Poland
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The strain relaxation at the initial stages of highly mismatched (11.8%) GaSb grown on a GaP

substrate following a Ga-rich surface treatment by molecular beam epitaxy has been

investigated. High resolution transmission electron microscopy and moiré fringe analysis were

used to determine the relaxation state in these GaSb islands in the [110] and [1–10] directions.

The measurements revealed an anisotropic strain relaxation in these two directions; there is a

higher misfit strain relaxation along the [110] direction where the islands are elongated, which

is in agreement with a higher density of misfit dislocations. By combining molecular dynamics

simulations and TEM results, the anisotropy in the strain relaxation is shown to be related to the

asymmetry in the formation of interface misfit dislocations. The P-core glide set 60�

dislocations (a type) and the Ga-core shuffle set Lomer dislocations serve as the primary misfit

dislocation which contributes to the strain relaxation in the (1–10) interface, and the Ga-core

glide set 60� dislocations (b type) and the P-core shuffle set Lomer dislocations for the (110)

interface, respectively. The lower formation energy and higher glide velocity of the P-core glide

set 60� dislocations (a type) result in a higher line density and more uniform periodical

distribution of the misfit dislocation in the (1–10) interface. The higher fraction of Lomer

dislocations, which is related to the dislocation configuration stability and surface treatment,

promotes a better strain relief in the (1–10) interface, with a corresponding elongation of islands

in the [110] direction. VC 2011 American Institute of Physics. [doi:10.1063/1.3622321]

I. INTRODUCTION

Antimony-based compounds offer a wide range of elec-

tronic bandgaps and band offsets along with extremely high

electron mobility, therefore enabling a variety of devices that

are much faster with lower power consumption.1 However,

the strain and high density of defects due to the large lattice

mismatch between the III-Sb epitaxial layers and substrate

(e.g., GaAs, GaP, and Si) has, until now, plagued both the

electrical and optical properties of the devices. The research

on strain relaxation in III-V semiconductor heterostructures

has been very active,2,3 which has a significant impact on the

electrical and optical properties. Since the III-V compound

semiconductors have a zinc blende lattice which is noncen-

trosymmetric, orthogonal directions such as the in-plane

h110i directions at the (001) interface are not equivalent. In

GaSb, for instance, the (110) plane has Sb-terminated {111}

facets, whereas the (1-10) plane exhibits Ga-terminated

ones. Anisotropies in the electrical and optical properties of

III-V compound semiconductor materials and devices fabri-

cated in the [110] and [1–10] in-plane directions are often

observed.4,5 However, the electronic band structures in the

h110i in-plane directions are equivalent and thereby, differ-

ences in the properties along the two directions are expected

to arise from an asymmetry strain relaxation or extrinsic

defect-related source. Looking back at the extensive reports

of the III-V compound semiconductor,4–10 many were on

small mismatched (for instance less than 1%) systems. For

binary-binary epitaxial systems, it has been reported that the

lattice mismatch plays a decisive role in the configuration of

the interface misfit dislocation. More precisely, low strain

systems (< 2%) lead to 60� dislocations, moderate strain

(3–4%) in mixed Lomer and 60� dislocations, and high strain

(> 6%) in pure Lomer.11,12 However, Narayan et al. report13

and our previous work12 have shown that the misfit disloca-

tions network predominately consisted of 90� pure edge dis-

locations and closely spaced 60� dislocation pairs in high

mismatch systems. Moreover, the closely spaced 60� dislo-

cation pairs may not vanish even by surface treatment12 or

post-annealing.13 However, also exhibiting a large mismatch,

InAs has been shown to behave differently upon growth on

GaAs or GaP: both coherent strain (misfit dislocation

free)14,15 and plastic relaxation16,17 have been reported.

Therefore, in the high mismatched systems, the configura-

tions and formation mechanisms of the interface misfit dislo-

cations are complex and may need further investigation.

In this work, using transmission electron microscopy

(TEM) in combination with geometrical phase analysis (GPA)

method, we investigate the anisotropic strain relaxation of

highly mismatched (11.8%) GaSb islands grown on a GaP

substrate by molecular beam epitaxy (MBE), initiating the

growth with one monolayer (ML) Ga at 480 �C. Moreover,a)Electronic mail: yi.wang@ensicaen.fr.
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molecular dynamics based on Stillinger-Weber (SW) poten-

tials18 have been carried out to investigate the atomic configu-

ration and stability of the interface misfit dislocations.

II. EXPERIMENT

A. Experimental procedures

The investigated samples were grown by MBE on (001)

GaP substrates in a Riber 32P chamber equipped with group

III and V sources. The phosphorous flux was obtained by

cracking phosphine (PH3) through a high-temperature injec-

tor, whereas a valve-cracker cell was used to produce Sb2.

The Ga and Sb fluxes were calibrated via reflection high

energy electron diffraction (RHEED) specular beam inten-

sity oscillations on GaP and GaSb. Following the de-

oxidization of the GaP substrates at 650 �C, a 400 nm GaP

buffer layer was grown at 610 �C to obtain a smooth GaP

surface exhibiting a sharp (2� 4) RHEED pattern. After-

wards, the phosphine flux was interrupted and the substrate

was cooled down from 610 to 480 �C without any flux, keep-

ing a (2� 4) surface reconstruction. Then 1 ML Ga was de-

posited before the opening of the Sb valve with a subsequent

growth of 9 GaSb MLs. A growth rate of 0.7 ML/s was used

during the antimonide layer growth. The surface morphology

of the samples was examined by atomic force microscopy

(AFM) using a Digital Nanoscope III system, working in the

tapping mode. For TEM observations, the sample’s prepara-

tion was achieved using conventional mechanical polishing

and dimpling with a final step of ion milling. The argon ion

milling was performed at �150 �C in order to minimize ion

beam damage. Both [110] and [1–10] cross-section speci-

mens were observed in two JEOL microscopes: a 2010 FEG

for HRTEM analysis and a 2010LaB6 for conventional

TEM, both operated at 200 kV.

B. Experimental results

The surface morphology of the GaSb islands were char-

acterized by AFM. The AFM image (Fig. 1) revealed that

the island density was around 1.8� 1010/cm2, the average

island height was about 6.5 nm, and all the islands were

elongated along the [110] direction. Figure 2 shows a bright

field cross-section TEM of the GaSb islands in two perpen-

dicular directions. The average (more than 40 islands) height

of the islands is 8.0 6 1.4 nm, which is is slightly larger than

the AFM result. The small islands have a round and lens-

shaped form. The largest islands always have flat surfaces

and {111} side facets (indicated by a red line in Fig. 1). In

addition, the island’s base length along the [110] direction is

larger than along the [1–10] direction. This result is consist-

ent with the AFM observation, which indicates that in our

case, the Ga-terminated {111} facets moves forward more

than the Sb-terminated {111} ones. In the literature, the

island’s elongation along [1–10]19,20 and [110]21,22 has been

reported and the elongated island shapes are often attributed

to the anisotropy of the diffusion length of adatoms or the

growth speed along different crystallographic direction.23

Figure 3(a) shows a plane-view TEM images of 9 MLs

of GaSb grown on GaP in the [001] zone axis. This image

reveals that the GaSb islands have a random shape, however,

they all elongated along the [110] direction. Figure 3(b)

shows a selected area electron diffraction (SAED) pattern

which includes many (>100) islands. The highly-resolved

diffraction spots in the SAED demonstrate two separate latti-

ces constants associated with GaP (5.4512 Å) and GaSb

(6.0959 Å), respectively. Besides the spots corresponding to

GaP and GaSb, some additional spots present in the diffrac-

tion patterns are produced by double diffraction (DD).24 For

instance, considering the (0–40) diffraction spots, the differ-

ent color spots show the classification of the diffraction spots

in Fig. 3(b). The alignment of the (000) diffraction spot with,

for instance, the (200) spots indicates that there is no lattice

rotation between the GaSb islands and GaP substrate. As

measured from the SAED, the interplanar spacing ratio of

the (220) to (2–20) is about 1.03, indicating a macro-

anisotropic (about 3%) strain relaxation in the two directions.

In order to verify this, we use the moiré fringe patterns to

FIG. 1. (Color online) AFM image of GaSb islands on GaP. The islands are

systematically elongated in the [110] direction.

FIG. 2. (Color online) Cross-sectional bright field TEM micrographs of 9

MLs of GaSb grown on GaP along the two perpendicular directions: (a) the

[110] direction, and (b) the [1–10] direction. The insets of (a) and (b) are the

[110] and [1–10] projections of the GaSb cell. The (110) and (1–10) interfa-

ces have Sb-terminated {111} and Ga-terminated {111}facets, respectively.

043509-2 Wang et al. J. Appl. Phys. 110, 043509 (2011)



map the relaxation of an individual island, which is very sen-

sitive for evaluating the lattice parameter of the epitaxial

layer relative to that of the substrate.25,26 Figure 3(c) shows

the two dimensional moiré fringes of a typical island with a

dimension of 50� 145 nm2, as viewed along the [001] zone

axis in the bright field. The spacing of the moiré fringes is

given by D¼ de ds/(de� ds), where de and ds are the corre-

sponding d spacings of the overlapping planes of the epilayer

and the substrate, respectively. Applying this equation to a

relaxed GaSb on GaP, the ideal spacing D{110} is 1.83 nm.

As shown in the figure, the measured [110] moiré fringe

spacing is slightly larger than that of the [1–10] direction;

moreover, it is closer to the ideal result, indicating that the

island is more relaxed in the [110] direction.

To clarify this discrepancy, we carried out a detailed

cross-sectional HRTEM analysis in both the [1–10] and

[110] directions. Figure 4 shows HRTEM images of the

(110) [Fig. 4(a)] and (1–10) [Fig. 4(b)] interfaces between

the GaSb islands and the GaP substrate. In these images, the

positions of the interface dislocations have been marked by

the additional {111} lattice planes (inclined arrows). The

extra half planes of the misfit dislocations are observed in

the GaP substrate because the lattice constant of GaSb is

larger than that of the GaP substrate. Lomer 90� dislocations,

close 60� dislocation pairs, and isolated 60� dislocations can

be seen along the interface. These defects are the major inter-

facial defects which accommodate the misfit strain. Some

important features in these images need to be pointed out; as

can be seen, the closely spaced 60� dislocation pairs always

lie in the intersecting glide planes but very rarely in parallel

glide planes, and the isolated 60� dislocations appear to form

toward the edge of the island. For the present images, the av-

erage spacing of the Lomer dislocations are 3.78 and 3.62

nm for Figs. 4(a) and 4(b), respectively. Compared to the

theoretical value (3.65 nm) for the GaSb/GaP system, we

have a small residual strain of about 3.6 and 0.7% for the

[1–10] and [110] directions, respectively. The 2.9% discrep-

ancy of the strain relaxation in the two perpendicular

directions is consistent with the SAED observation discussed

in the preceding text.

We apply the geometrical phase analysis (GPA) of

HRTEM to investigate the local strain distribution as along

with the arrangement of the interface dislocations.12,27,28

Figure 5 shows the exx component of the strain field (defor-

mation along the [001] growth direction) derived from

Fig. 4. In these images, the dislocation cores are easily

FIG. 3. (Color online) (a) Plane-view TEM image of 9 MLs of GaSb grown

on GaP in the [001] zone axis, illustrating that the GaSb islands are elon-

gated in the [110] direction. (b) The corresponding selected area electron

diffraction (SAED) pattern. The different size (color) spots show classifica-

tion of the (0–40) diffraction; large (green), medium (red), and small

(yellow) spots correspond to GaP, GaSb, and double diffraction (DD),

respectively. (c) The [001] bright field image showing the (220) and (2–20)

moiré fringes.

FIG. 4. HRTEM images of the GaSb islands on the GaP substrate observed

along the [110] and [1–10] orientation; inclined arrows indicate extra {111}

planes at the interface. The average distances of interface misfit dislocation

are (a) 3.78 nm, and (b) 3.62 nm in two perpendicular directions,

respectively.

FIG. 5. (Color online) Strain exx maps corresponding to the Fig. 4 HRTEM

images. The dislocation cores are now clearly marked by areas of highest

local strain at the interfaces.

043509-3 Wang et al. J. Appl. Phys. 110, 043509 (2011)



delineated at the nanometer scale: they correspond to the

areas where the strain is maximal. In these areas, most of the

Lomer dislocations are split at the nanometer scale distance

in two 60� dislocations, as shown by the core positions. Pro-

jecting the strains onto the growth direction allows us to cal-

culate the average relaxation state of the layers. As shown in

Fig. 6(a), the exx in the (110) interface is larger than the

(1–10), which is indicative of a distinct anisotropy of strain

relaxation along two orthogonal h110i directions in the (001)

plane.

From a large number of HRTEM images (with more

than 50 pairs of dislocations for each direction) combined

with GPA, we have estimated the probability of different

misfit dislocation configurations in the (110) and (1–10)

interfaces as summarized in Table I. We define a pure Lomer

dislocation as being characterized by two additional inter-

secting lattice planes and a splitting 60� dislocation core less

than 1 nm, and 60� dislocation pairs, which we consider as

the core spacing is larger than 1 nm. The average spacing of

the Lomer dislocation in the (1–10) interface almost coin-

cides with the theoretical value of 3.65 nm, corresponding to

a better strain relief along [110], as we have previously dis-

cussed. The fraction of three proposed misfit dislocation con-

figurations reveals that Lomer dislocations are the dominant

defects for the strain relaxation.

Besides the strain distribution and the types of the inter-

face misfit dislocation, the fine structure of the dislocation

core has also been analyzed. The distance between dissoci-

ated cores for the Lomer dislocations and 60� dislocation

pairs, as determined in many areas, is presented in Fig. 6(b).

Obviously, the cores in the (110) interface are more local-

ized, both for the Lomer dislocation and 60� dislocation pair.

III. MODELING

A. Theoretical procedures

The Stillinger-Weber (SW) potentials18 have been used

extensively to model the structural properties of the tetrahe-

dral semiconductors. They have been used to simulate dis-

torted and broken bond systems. In recent years, they have

even been extended to the wurtzite semiconductors for

modeling the structure of various extended defects.29,30

Explicitly, SW potentials are based on a two-body term and

three-body term interaction of the nearest neighbor atoms,

Uð1; :::;NÞ ¼
XN

i;jði<jÞ
/2ði; jÞ þ

XN

i;jði<jÞ
/3ði; j; kÞ: (1)

The two-body interaction term is

/2ði; jÞ ¼ ef2ðrij=rÞ; (2)

with

f2ðrÞ ¼ AðB=r4 � 1Þ exp½1=ðr � aÞ�; r < a;
0; r > a;

�
(3)

and the three-body interaction term is

/3ði; j; kÞ ¼ ef3ð~ri=r;~rj=r;~rk=rÞ;

f3ð~ri;~rj;~rkÞ ¼ hðrij; rjk; hijkÞ þ hðrji; rjk; hijkÞ þ hðrjk; rki; hjkiÞ;
(4)

hijkðrij; rjk; hijkÞ ¼ k exp½c=ðrij � aÞ þ c=ðrjk � aÞ�
� ðcos hijk þ 1=3Þ2;

where e and d are energy and length units, respectively, a is

the cut-off distance, h(i, j, k) is the angle formed by the ~rij

and ~rjk vectors, and A, B, k, and c are the bond strength

factors.

During the molecular dynamics simulation only the

nearest neighbors are considered. The parameters of the Stil-

linger-Weber potential have been reported by Ichimura31

and Wang et al.,32 and they are summarized in Table II.

Besides the normal bonds, Ga-P and Ga-Sb, the wrong bonds

Ga-Ga, P-P, and Sb-Sb have also been considered. Since

there are no proper valid parameters available for the wrong

bonds, as has already been done by Zhou et al.,33 we adopt

FIG. 6. (a) (Color online) The corresponding projection of the exx images on

the growth direction. The vertical part of each curve shows the interfacial

layer thickness and the maximum height corresponds to the relaxation level.

(b) Statistical distribution of the distance between the cores of misfit dissoci-

ated dislocations in the two interfaces (two peaks are present in each curve:

they correspond to the split cores of the Lomer and 60� pair dislocations,

respectively).

TABLE I. Statistics (with more than 50 pairs of dislocation for each direc-

tion) about the interface misfit dislocation.

Interface

Spacing of

Lomer

dislocation

Line density of

the interface

dislocation (cm�1)

Fraction

Lomer

(%)

60�

pairs (%)

60�

(%)

(110) 3.80 6 0.20 5.5� 103 55.3 42.6 2.1

(1–10) 3.65 6 0.06 7.0� 103 60 37.5 2.5

TABLE II. The S-W potential parameters for the molecular dynamic

simulation.

Bond d (Å) e (eV) A B d (Å) k

Ga-P 2.36 1.78 7.62333 0.681 2.0642 29.57

Ga-Sb 2.64 1.48 7.91549 0.720 2.2900 32.49

Ga-Ga 2.44 1.63 5.9768 0.5860 2.183 21

As-As 2.50 1.63 6.8553 0.6711 2.183 21

043509-4 Wang et al. J. Appl. Phys. 110, 043509 (2011)



the parameter of GaAs to replace them. The Lomer misfit

dislocation is constructed in a series of supercells with vari-

ous sizes in the xy plane [(001) plane], 32a� 32a for GaSb

and 36a� 36a for GaP (a: corresponding lattice constant for

GaP and GaSb), respectively. The supercells are made up of

30 monolayers of GaSb sandwiched between two 20 mono-

layers of GaP along the z direction, and they contain 82 560

atoms. The relaxation procedures are performed using the

quench algorithm34 and they are stopped when the system ki-

netic temperature is lower than 10�8 K.

B. Simulation results

In III-V cubic compounds, the dislocations are expected

in {111} planes with their Burgers vectors along the h110i
direction. Two atomic structures of the Lomer dislocation in

diamond structure were proposed by Hornstra.35 The first

one, namely the shuffle set, consists of structural units of

five- and seven-fold rings. The other structure consists of a

eight-atom rings with an inner atom and two dangling bonds

or an eight-fold ring superimposed on a six-fold ring, corre-

sponding to the glide set. The dislocation cores in the III-V

compounds consist of either III or V elements; therefore,

there are four types of Lomer dislocations, namely the shuf-

fle set with the III or V element core and the glide set with

the III or V element core. Our simulation results show that

the Ga core dislocation tends to form on the substrate with a

Ga-terminated (001) surface, whereas the P core dislocation

will occur on a P-terminated (001) surface.

Figure 7(a) schematically shows the arrangement of

Lomer dislocations for the GaSb (32a� 32a)/GaP

(36a� 36a) heterostructure. Figures 7(b) and 7(c) show the

[1-10] and [110] cross-section projection of a quarter of the

simulated GaSb/GaP heterostructure. For a fully relaxed

GaSb on a GaP substrate with an ideal Ga-terminated (001)

surface, to minimize the system energy, the shuffle set

Lomer dislocations lie along [1–10] direction and have a/2

[110] Burgers vector. In contrast, the glide set Lomer dislo-

cations rotate 90�, and they lie along the [110] direction and

have a/2 [1–10] Burgers vector. Furthermore, all of the dislo-

cations have a Ga core; specifically, their {111} additional

planes are terminated with Ga atoms. The two sets of Lomer

dislocations are periodically distributed at the interface, and

each shuffle (glide) set Lomer dislocation is surrounded by 4

glide (shuffle) set Lomer dislocations, as schematically

shown in Fig. 7(a). Due to this configuration, for the ideal

heterostructure in the cross-section we can only observe one

set of Lomer dislocations; the other set will be out of

contrast. Similarly, for the GaP substrate with an ideal

P-terminated (001) surface, the Lomer misfit dislocations

have the same arrangement. Namely, the P-core shuffle set

Lomer dislocations lie along the [110] direction and have a/2

[1–10] Burgers vector, while the P-core glide set Lomer

dislocations lie along [1–10] direction and have a/2 [110]

Burgers vector, as shown in Figs. 7(d) and 7(e).

To estimate the energy of the four types of Lomer dislo-

cations, we consider a heterostructure with only one Lomer

dislocation. We pick up 4 super-cells with same size of

GaSb/GaP from the inner part of the GaSb (32a� 32a)/GaP

FIG. 7. (Color online) (a) The [001] projection of the GaSb(32a� 32a)/

GaP(36a� 36a) heterostructure shows the configuration of the Lomer

dislocation at the interface. The (b) [1–10], and (c) [110] cross-section

projection of a quarter of the simulated GaSb on Ga-terminated (001) GaP.

The (d) [1–10], and (e) [110] cross-section projections of a quarter of the

simulated GaSb on the P-terminated (001) GaP.

043509-5 Wang et al. J. Appl. Phys. 110, 043509 (2011)



(36a� 36a) heterostructure, as indicated by the black rectan-

gles in Fig. 7(a). For each rectangle, their symmetry line cuts

through the center of the dislocation (one along the disloca-

tion line, and the other perpendicular to the dislocation line).

These super-cells have the same shape and atoms; moreover,

each super-cell contains only one Lomer dislocation, Ga-

core shuffle set, Ga-core glide set, P-core shuffle set, or P-

core glide set, respectively. The total elastic energy of the

four super-cells, is as follows: P-core glide set>Ga-core

glide set>Ga-core shuffle set> P-core shuffle set. These

results qualitatively indicate the energy tendency of the four

types of Lomer dislocations. Besides the total energy of the

relaxed structure, the molecular dynamics calculations also

provide the total energy projected onto a single atom, j. The

energy of the single atom, j, is then defined as the difference

between the total energy, Ej
tot, and the total energy of the

same type of atom in a perfect material, Ebulk
tot :

Ej
f ¼ Ej

tot � Ebulk
tot : (5)

Here, Ebulk
tot is determined in a bulklike super-cell cluster of

the same shape as the dislocated models. There is no valid

value at the GaSb/GaP interface; for instance, some Ga

atoms form bonds with both Sb and P. In this case, the Ebulk
tot

is replaced by the average between the GaSb and GaP�
1
2
½Ebulk

tot ðGaSbÞ þ Ebulk
tot ðGaP

�
�). From an analysis of the

atomic energy distribution of such super-cells, we notice that

the energy of the atoms away from the dislocation core is

almost zero. Thus, projecting all the atoms energy (Ej
f ) along

the Z axis ([001] direction) of the selected super-cells will

give us the energy distribution at the dislocation core region.

Figures 8(a) and 8(c) show the energy distribution along and

perpendicular to the dislocation line, and they reveal the

energy and width of the four types of Lomer dislocations. To

quantify these results, Fig. 8(b) shows the linear fitting of the

curves in Fig. 8(a), the inset table of Fig. 8(c) summarizes

the full width at half maximum (FWHM), and the integrated

value of the curves in Fig. 8(c). Obviously, the P-core glide

set Lomer dislocation has much higher energy in comparison

with other types of Lomer dislocations. In terms of the

FWHM, we can see that the shuffle set dislocation has a

more compact core than the glide set. From this analysis, it

can be concluded that the shuffle set Lomer dislocation has

lower energy. This indicates that the shuffle set Lomer dislo-

cations are more stable than the glide set. Moreover, besides

the core configuration, the core element is the key factor in

the determination of the dislocation energy. This may more

or less explain the discrepancy of 5% in the fraction of the

Lomer dislocation in the (110) and (1–10) interfaces.

IV. DISCUSSION

In the following, we discuss the origin of the discrep-

ancy in strain relaxation in the two [110] and [1–10] direc-

tions. For the Lomer dislocation, there are two sets of 60�

dislocations, which belong to the glide set if their motion

leads to shear between two narrowly spaced {111} planes, or

to the shuffle set if the shear is between two widely spaced

{111} planes. Regarding the core element, there are also

four possible types of 60� dislocations, namely III-core shuf-

fle set, III-core glide set, V-core shuffle set, and V-core glide

set, respectively. We have illustrated their configuration in

Fig. 8. In many reports, the V-core and III-core 60� disloca-

tions have been named a and b type dislocations.36,37

As we previously mentioned, in a compressive epitaxial

layer the extra half plane of the interface dislocation must be

in the substrate to relieve strain. It can be seen in Fig. 9 that,

in order to do so, the III-core shuffle set and V-core glide set

60� dislocation will lie in the [1–10] direction (dislocation

line direction); similarly, the V-core shuffle set and III-core

glide set 60� dislocation must lie in the [110] direction. Con-

cerning their motion, {111} is the slip plane and the glide set

dislocations are the predominantly mobile dislocations.38,39

Thus, the V-core glide set and III-core glide set dislocation

should be the highest density 60� dislocations during the

observations. Moreover, the V-core glide set (a type) 60�

dislocations have been shown to have a lower formation

energy and higher glide velocity,37,38,40 in comparison with

III-core (b type).

Recalling the formation process of the misfit disloca-

tion,13,41 in a lens-shape island grown in the three-dimensional

mode, the first 60� dislocations are generated as half loops

FIG. 8. (Color online) (a) The energy distribution of four types of Lomer

dislocations obtained by projecting the atom energy perpendicular to the dis-

location line, and (b) the corresponding linear fitting. (c) The energy distri-

bution perpendicular to the dislocation line of four types of Lomer

dislocations obtained by projecting the atom energy along the dislocation

line.
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after the island reaches a critical size, then the nucleated dislo-

cation half loops glide toward the interface and form misfit

segments. After the first set of misfit dislocations is formed

and the misfit strain is partially relaxed, the second set of 60�

dislocations will nucleate in the net stress field formed by the

residual misfit. Subsequently, the second set of 60� disloca-

tions also glides to the interface. If the two sets of 60� disloca-

tions have opposite screw components they will react to a 90�

(or Lomer) dislocation35 [as schematically shown in Fig.

10(a), b1s¼� b2s], otherwise, they probably give rise, at most,

to a closely spaced 60� pair as their parallel screw component

prohibits their combination [Fig. 10(b), b1s¼ b2s]. In fact,

both pairs (with an opposite screw component and with a par-

allel screw component) exhibit attractive interaction, however,

the attraction in the pair with the opposite screw component is

10 times larger than that in the pair with the parallel screw

component.42 After forming the Lomer dislocation, 60� dislo-

cation pairs, and an isolated 60� dislocation, they can be

slightly redistributed by a glide and climb motion along the

interface. Since P-core 60� dislocations have higher glide ve-

locity, they glide more efficiently to the interface, thus more

interface dislocations will appear in the (1–10) interface. This

is consistent with our statistical observations: the line density

of the interface misfit dislocation in the (1–10) interface is

7.0� 103 cm�1, whereas it is 5.5� 103 cm�1 for the (110)

interface. Similarly, we also observe that the higher glide veloc-

ity of a type dislocations result in more localized cores, as we

have shown in Fig. 6(b). In fact, the edge component of the sec-

ond set of 60� dislocations is controlled by the stress field of

the first set of 60� dislocations,13 so for the closely spaced 60�

dislocation pairs only an intersecting glide plane can be found

at the interface region, as we previously mentioned.

Based on our simulation, for the Lomer dislocation, the

shuffle set dislocations are more energetically favorable than

the glide set. Thus, the 60� dislocations tend to form the

shuffle set Lomer dislocation during their combination pro-

cess. Regarding their arrangement, the P-core shuffle set dis-

location should dominate the Lomer dislocation density in

the (110) interface and the Ga-core shuffle set Lomer dislo-

cation in the (1–10) interface. However, due to the small

energy difference between the P-core shuffle set and the Ga-

core glide set Lomer dislocations, and since our initial growth

starts with the Ga-rich surface, the Ga-core shuffle set Lomer

dislocations nucleation could be easier. This may explain the

higher fraction of Lomer dislocations in the (1–10) interface.

V. CONCLUSIONS

We have studied the mechanism for anisotropic strain

relaxation in GaSb islands grown on GaP (001) substrate

with a Ga-rich surface treatment at 480 �C. In this highly

mismatched system, the strain is relaxed predominately by

Lomer dislocations and closely spaced 60� dislocation pairs

which form at the interface. Therefore, using our growth

conditions, a higher misfit strain relaxation was obtained

along the island’s elongation direction, which is in agree-

ment with a higher density of misfit dislocations. It was

shown that the anisotropy in the strain relaxation was related

to the asymmetric configuration of interface misfit disloca-

tions along the [1–10] and [110] directions. More specifi-

cally, the P-core glide set 60� dislocations (a type) and

Ga-core shuffle set Lomer dislocations serve as the primary

FIG. 9. (Color online) The configuration of the four 60� dislocations in bulk

III-V compounds: (a) V-core glide set, (b) III-core shuffle set, (c) III-core

glide set, and (d) V-core shuffle set.

FIG. 10. (Color online) A diagram of the reaction of two 60� dislocations

using the Thompson tetrahedron: (a) the Lomer dislocation, and (b) a closely

spaced 60� dislocation pair. Here, U and b indicate the dislocation line and

Burgers vectors direction; b1s, b1e, b2s, and b2e represent the screw and edge

components of the first and second dislocations, respectively.
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misfit dislocations which contribute to the strain relaxation in

the (1–10) interface and the Ga-core glide set 60� dislocations

(b type) and P-core shuffle set Lomer dislocations for the

(110) interface, respectively. The lower formation energy and

higher glide velocity of the P-core glide set 60� dislocations

(a type) result in a higher line density and more uniform peri-

odical distribution of misfit dislocations in the (1–10) inter-

face. The higher fraction of Lomer dislocations, which

originated from the Ga-rich substrate surface and the discrep-

ancy in the Lomer dislocations configuration stability, pro-

motes a better strain relief in the (1–10) interface, with the

corresponding elongation of islands in the [110] direction.
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