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The misfit and threading dislocations during GaSb epitaxy on GaAs substrate were investigated by

weak beam dark field and high angle dark field scanning transmission electron microscopy. The

geometric phase analysis and dislocation density tensor analysis were next used to analyze the

strain around the threading dislocations and quantify the corresponding Burgers vectors. It is

shown that there are three types of threading dislocations (mixed, edge, and pair of mixed types)

close to the interface, which originate from the 60�, Lomer, and 60� pair misfit dislocations,

respectively. During the growth of the epitaxial layer, the edge type as well as the pair of mixed

threading dislocations split into two mixed type dislocations for the glide in {111} planes.

Eventually, only mixed type dislocations have been observed at the surface of thick GaSb layers.
VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4790296]

The epitaxy of the Sb-based III-V semiconductor on

GaAs (or Si, GaP) is of great interest for applications in the

near- and far-infrared optoelectronics and ultra-high speed

low-power consumption electronics.1 Given the large lattice

mismatch between the epitaxial layer and substrate (for

instance 7.8% for GaSb/GaAs), the critical thickness is

expected to be only a couple of monolayers (MLs); after-

wards, misfit dislocations are expected to form rapidly. In

these systems, with substantial mismatch, the misfit disloca-

tion arrays comprises Lomer as well as 60� dislocations2–5

and are not perfect.2,3 Therefore, increasing the epitaxial

layer thickness leads to the formation of threading disloca-

tions that propagate in the epitaxial layer to the top active

layers where they are known to limit the performance of the

devices.6 It has been reported that in large lattice mismatch

the Lomer dislocation with Burgers vector of a
2
h110i is the

predominant misfit dislocation.2,4 In the GaSb/GaAs system,

if all of the lattice mismatch strain was to be relieved by

Lomer dislocations, a cross grid network of parallel misfit

dislocations lying in the [110] and [1�10] directions with a

spacing of 5.51 nm would be expected, and in such a case,

the threading dislocations could be entirely avoided.7 This is

the concept of the so-called "IMF" (interfacial misfit) growth

which has been more recently proposed and shown in some

instances to be particularly successful in reducing the dislo-

cation densities by more than three orders of magnitude from

the more usual 108-109 cm�2 to about 105 cm�2.8 However,

the Lomer dislocation network cannot be perfect and the

threading dislocations are almost always present.9 Regarding

the source of the threading dislocations, it is generally

accepted that the 60� misfit dislocations are the primary

source of the threading dislocation. They are either nucleated

at the growth surface of the film and glide into the interface

along the {111} slip planes10 or introduced during the island

coalescence at the later stages of growth.11 However, Kang

et al. have reported that the Lomer dislocation propagates

directly to the film surface at low growth temperature

(420 �C) in GaSb/GaAs.12 Besides the 60� and Lomer dislo-

cation, 60� dislocation pairs have also been observed,10,13

and their role in the formation of threading dislocations is

not clear. Moreover, it appears that the propagation of

threading dislocations in the epitaxial layer has not yet been

deeply investigated and their structural evolution on the way

towards the surface is still unclear.

In this work, the source and the propagation of the thread-

ing dislocations in the GaSb epitaxial layer grown on GaAs

substrate were investigated by the weak beam dark field

(WBDF) and high-angle dark-field (HAADF) scanning trans-

mission electron microscopy (STEM). The propagation mech-

anism of the threading dislocations was analyzed through a

series of samples with different epitaxial layer thickness.

The samples were grown by molecular beam epitaxy

(MBE) with a base pressure better than 1� 10�10 Torr. After

the deoxidization of the GaAs substrate at 625 �C under an

As flux, a 300 nm GaAs layer was first grown at 580 �C to

smooth the surface. Then, the Ga and As valves were closed,

and the sample temperature was decreased to 460 �C. After

an exposure to Sb flux, the (1� 3) surfaces reconstructions

of GaAs was generated as monitored by in situ reflection

high-energy electron diffraction. Following the (2� 8) sub-

strate surface reconstructions, GaSb with different thickness

(27 MLs, 100 MLs, 300 MLs, and 600 nm) was deposited.

The growth rate was 0.7 ML/s for the GaSb layers with a Sb

flux of 2.5 ML/s. The plane-view samples were prepared by

a standard procedure including grinding, and dimpling and

final argon ion beam milling in a stage cooled with liquid

nitrogen. The WBDF analysis was carried out on JEOL 2010

LaB6 microscope operated at 200 kV. The Z contrast

HAADF images were acquired using a FEI Titan 80-300

Cubed Microscope equipped with an objective spherical ab-

erration (Cs) corrector operated at 300 kV, along [001] zone

axis.
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With the help of WBDF technique we are able to image

the misfit dislocation network. As shown in Fig. 1(a), the

two families of Lomer misfit dislocation array in the sample

with 27 MLs GaSb were observed in weak beam g/3g condi-

tion with g¼ 040. In perfect areas the interface shows ideal

misfit dislocation network and consists solely of Lomer dis-

locations. However, some defects (or imperfections) of the

Lomer dislocation network marked by the arrows can also be

noticed. These imperfections have been reported to be the

source of the threading dislocations.12 At first glance, two

types of imperfections are in the interface: (1) half period

shift of Lomer dislocation resulting from the interaction of

60� dislocation (blue arrow); (2) an extra Lomer dislocation

(red arrow). The details of these imperfections can be inter-

preted using the g/3g WBDF condition with g¼ 220 by

which we can image the two families of misfit dislocations

separately. Figs. 1(b) and 1(c) show the WBDF image of the

highlighted area of Fig. 1(a) observed close to 2�20 and 220

diffraction condition. The details of these imperfections are

highlighted by dotted lines. In Fig. 1(b), the 2�20 type misfit

dislocations have a half period shift along [110] direction

and the 220 type misfit dislocation are perfect; in Fig. 1(c),

the extra Lomer dislocations appear in 2�20 type misfit dislo-

cation and the 220 type misfit dislocation are perfect too

(note the two Lomer type threading dislocations in this area).

Besides the above two imperfections that have been already

reported before, an additional imperfection has been system-

atically observed (Fig. 1(a), cyan arrows). One of them (cyan

square) has been analyzed in Fig. 1(d). In contrast to Figs.

1(b) and 1(c), extra half fringes are seen in both 2�20 and 220

diffraction conditions. Then, when closely looking at the

core of the dislocation in Fig. 1(d) (left), in comparison to

the Lomer case in Fig. 1(c), it can be noticed that the fringes

do not bend around the core, they split like in Fig. 1(b) (left),

although at a smaller extension (only the two fringes around

the core).

The half period shift of Lomer dislocation has been

attributed to: (1) the interaction of a 60� dislocation which

results from the coalescence of islands with the Lomer dislo-

cation network;9,14 (2) the intersection of antiphase bounda-

ries caused by the atomic surface steps.15,16 In our case, the

growth starts on (001) GaAs substrate and no antiphase do-

main boundary was observed. Thus, the half period shift of

Lomer dislocation network should originates from the 60�

dislocation. Subsequently, the 60� dislocation bends its line

into the growth direction, becoming a threading dislocation.

Similarly, the extra Lomer dislocations cannot terminate at

the interface and they should propagate to the surface of the

film.12 This is in contrast to the general opinion which con-

siders that the Lomer dislocations are not likely to introduce

any threading segments since they cannot glide on the close

packed {111} planes.9,17

Given the different misfit dislocation network imperfec-

tions, different threading dislocations are to be expected:

mixed types threading dislocation, which originated from the

60� dislocation and edge type threading dislocation, which

come from the extra Lomer misfit dislocation, and a typical

signature from the third imperfection. Along the [001] zone

axis at low magnification, we have also identified three types

of additional fringes in the moir�e fringes images of GaSb/

GaAs interface (Fig. 2): 2 extra half moir�e fringes at 90�,
2 parallel half moir�e fringes, and 4 extra half moir�e fringes.

We then assumed that the three characters should be uniquely

connected to the imperfections of the misfit dislocations and

subsequent threading dislocations, and then zoomed in at

each type of imperfection using HAADF-STEM. Figure 3(a)

shows HAADF image of threading dislocation observed

along the [001] direction in the 100 ML sample. Since the

FIG. 1. (a) The WBDF images of 27 MLs GaSb grown

on (001) GaAs at 460 �C showing the 2D network of

the misfit dislocations observed at g/3 g condition with

g¼ 040, the imperfections have been marked by the

arrows. (b), (c), and (d) showing the details of three

types of imperfections, each of them was observed with

g¼ 2�20 and 220 respectively. Note the imperfection 1

(blue) comes from 60� dislocation, imperfection 2 (red)

originates from Lomer dislocation, and imperfection

3 (cyan) is from 60� dislocations pair.

FIG. 2. The moir�e fringes of GaSb/GaAs around the

defect (or imperfection) of the misfit dislocation net-

work observed in STEM along [001] zone axis, the

extra half moir�e fringes in (a), (b), and (c) relate to 60�

dislocation, Lomer dislocation, and 60� dislocations

pair, respectively.

052102-2 Wang et al. Appl. Phys. Lett. 102, 052102 (2013)



image intensity in HAADF image is approximately propor-

tional to the square of the atomic number (Z) in the 1 s

approximation,8,18,19 the spots with higher intensity corre-

spond to the Sb atomic columns, as confirmed by the inset of

Fig. 3(a) showing the simulated HAADF image of bulk GaSb

with a thickness of 60 nm, using the QSTEM software.20 As can

been seen from the figure, the visible threading dislocation

has only one {100} additional plane. By drawing Burgers cir-

cuits, the Burgers vector was determined to be a
2
[100]. Since

we find that the investigated threading dislocation is not

accompanied by a stacking fault, this indicates that we are

observing a projection of a perfect dislocation. Using the geo-

metrical phase analysis (GPA)21,22 we measured the strain

field around the dislocation core region. Figure 3(b) shows

the exx strain component, with a reference to the bulk area.

The strain gives a perfect shape of edge type dislocation

strain field which is positive and tensile in the region above

the dislocation core, negative and compressive below the dis-

location core. Besides the strain distribution, we can also

extract the dislocation density tensor from these strain

fields.10,23 Figure 3(c) shows the ax component of the disloca-

tion density tensor of the investigated dislocation presented

in Fig. 3(a). The bright/dark dot presents the maximal defor-

mation area and mark the origin of the extra {100} plane.

The corresponding 3D representations of the ax component at

core region are inserted in Fig. 3(c). Integrating the ax com-

ponent in the dislocation core region yields 3.04 Å, whereas

the ay component is zero. So, the [001] projection gives an

edge component of a
2
[100] for this dislocation, which is not a

translation vector for the structure. Therefore, this dislocation

should have a component along the [001] direction, which

makes it a mixed type (or 60�) one.

Figure 4(a) shows HAADF image of another type of

threading dislocation, which exhibits two {100} additional

planes giving a Burgers vector of a
2
[110]. Figure 4(b) shows

HAADF image of the third type of threading dislocation,

which has two parallel {100} additional planes giving a total

Burgers vector of a[100]. The dislocation density tensor

analysis shows that the dislocation in Fig. 4(a) has equal x

and y component: 3.05 Å giving a Burgers vector of 4.3 Å. In

Figure 4(b), the total Burgers vector is 6.09 Å is equal to

a[100]. These measured values are in agreement with the

Burgers circuits. Going back to imperfections at the misfit

dislocations, we can conclude that the threading dislocations

in Fig. 4(a) come from a Lomer dislocation since they have

identical Burgers vector along [110] or [1�10] direction, with-

out a [001] component. The dislocations in Fig. 4(b), which

are observed as coming from the third type of imperfection,

are two 60� dislocations (see Fig. 3). However, as seen from

Figs. 1(d) and 2(c), they come from the same point at the

interface. Therefore, these threading dislocations originate

from one 60� dislocations pair.

The same observations and analysis have been carried

out on the thicker epitaxial layer (300 MLs and 600 nm): in

the sample with 300 MLs of GaSb, the dislocations coming

from the three types of imperfections have also been

observed. However, we systematically noticed that for the

edge type threading dislocation as well as for the threading

dislocations originating from 60� dislocations pair, the dis-

tance between the two core or initiation of the {100} addi-

tional half lattice planes is always larger than that in the 100

MLs thick sample. Finally, in the sample of 600 nm thick

sample, only isolated mixed type (60�) threading dislocations

were observed.

It should be straightforward that the 60� dislocation will

result in threading dislocation since both its Burgers vector

and dislocation line lie in {111} planes and it can easily glide

along the {111} plane. Given the geometry of the 60� misfit

dislocation, for instance, a 60� dislocation with a Burgers

vector of a
2
[101] and a dislocation line along the [1�10] direc-

tion, after propagation into the epitaxial layer, the dislocation

line slips in the {111} planes and the Burgers vector remains
a
2
[101]. Therefore, in plane-view observations, we are only

able to observe the a
2
[100] edge component, as schematically

shown in Fig. 5(a). The Lomer dislocation whose Burgers

vector and dislocation line do not lie in a {111} plane is ses-

sile;24 therefore, its propagation should follow a climb mech-

anism if it needs to keep the [001] line direction. As

compared with the glide in the slip plane, climb is not ener-

getically favorable,24 and looking at the above observations,

the Lomer dislocations dissociate into two 60� dislocations.

For instance, a Lomer dislocation with a Burgers vector of
a
2
[110], may give rise to two 60� dislocations with Burgers

FIG. 3. (a) The HAADF image of mixed type threading dislocation with the

projected Burgers Vector of b¼ a
2
[100] viewed along the [001] direction, the

additional {100} plane was marked by the arrow, the inset of (a) shows

the simulated HAADF image; (b) Strain field exx obtained by GPA from (a);

(c) dislocation density tensor ax component (the ay component is zero), the

inset shows the corresponding 3D representation of ax component.

FIG. 4. (a) The HAADF image of edge type threading dislocation with the

projected Burgers Vector of b¼ a
2
[1�10] viewed along [001] direction; (b) the

HAADF image of two mixed type threading dislocations with superimposed

projected Burgers vector of b¼ a [100] originated from 60� misfit disloca-

tion pairs, in these images the additional {100} planes have been marked.
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vector of a
2
[101] and a

2
[01�1], respectively, as shown in

Fig. 5(b). This can explain why in the 100 MLs thick sample,

the two {100} additional planes do not originate from one

point; in 300 MLs, the distance of the two {100} additional

planes is even larger; and finally in 600 nm thick sample,

only mixed type threading dislocations are observed. As we

have shown in our previous work,10 the 60� dislocations pair

is formed by two 60� dislocations with parallel [110] screw

components, which prohibits the formation of a pure Lomer

dislocation at interface (Fig. 5(c)). For instance, two 60� dis-

locations with Burgers vectors of a
2
[101] and a

2
[10�1], at the

interface, their total edge component along the [110] projec-

tion direction is equal to a Lomer dislocation. When propa-

gating into the epitaxial layer, the two 60� dislocations will

separate, and the plan-view observation along [001] will

show two parallel {100} additional planes, which result in a

total Burgers vector of a [100], as schematically shown in

Fig. 5(c).

After determining the Burgers vector of the threading

dislocations, we can now understand the relations between

the pattern of the extra moir�e fringes and the threading dislo-

cations. According to the relation of the Burgers vector and

moir�e fringe: jg � bj ¼ n, where g is the diffraction vector, b

is the Burgers vector, and n is the number of the extra half

moir�e fringes,25 we can see that the 60� dislocation with a

Burgers vector of a
2
[101] exhibits in 2 extra half moir�e

fringes (lying in [110] and [1�10] directions); the Lomer dis-

location with a Burgers vector of a
2
[110] shows 2 extra half

moir�e fringes (in the [110] direction); and 60� dislocation

pair with Burgers vector of a
2
[101] and a

2
[10�1] results in 4

extra half moir�e fringes (2 of them lying along [110] and the

others in [1�10]).

In summary, the above observations show that three

kinds of defects (or imperfections) of the misfit dislocation

network result in three types of threading dislocation: the

half period shift of Lomer dislocation, which are related to

the 60� dislocation lead to a mixed type threading disloca-

tion; the extra Lomer misfit dislocation generates an edge

type threading dislocation, which rapidly dissociates into

two mixed type threading dislocations. The third type of

imperfection, which is related to a 60� dislocations pair,

leads to the formation of pair of mixed type threading dislo-

cations, which also separate during the growth. Finally, only

isolated mixed type threading dislocation are observed to

reach the surface of a 600 nm GaSb epitaxial layer. There-

fore, it can be pointed out that the main sources of threading

dislocations are these misfit dislocation network imperfec-

tions, which have been identified. And, the dominant propa-

gation mechanism is the conventional glide inside {111}

lattice planes subsequent to the decomposition of all initial

Lomer and pairs of 60� dislocations into pure mixed type

threading dislocations.
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