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The threading dislocations (TDs) in GaAs/Si epitaxial layers due to the lattice mismatch seriously degrade the per-
formance of the lasers grown on silicon. The insertion of InAs quantum dots (QDs) acting as dislocation filters is a pretty
good alternative to solving this problem. In this paper, a finite element method (FEM) is proposed to calculate the critical
condition for InAs/GaAs QDs bending TDs into interfacial misfit dislocations (MDs). Making a comparison of elastic
strain energy between the two isolated systems, a reasonable result is obtained. The effect of the cap layer thickness and the
base width of QDs on TD bending are studied, and the results show that the bending area ratio of single QD (the bending
area divided by the area of the QD base) is evidently affected by the two factors. Moreover, we present a method to evaluate
the bending capability of single-layer QDs and multi-layer QDs. For the QD with 24-nm base width and 5-nm cap layer
thickness, taking the QD density of 10!" cm~2 into account, the bending area ratio of single-layer QDs (the area of bending
TD divided by the area of QD layer) is about 38.71%. With inserting five-layer InAs QDs, the TD density decreases by
91.35%. The results offer the guidelines for designing the QD dislocation filters and provide an important step towards

realizing the photonic integration circuits on silicon.

Keywords: InAs/GaAs quantum dots, threading dislocation, finite element method, bending area
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1. Introduction

With the advent of the era of big data and the rapid growth
of internet information, communication networks are required
to develop towards the high speed and large capacity.!'?! Ow-
ing to the limitation of transmission bandwidth and power
consumption, the traditional electrical interconnection can-
not meet the development requirements for high-performance
chips, and integrated optical interconnection on Si platform
is considered as one of the effective ways to solve these
problems.3#! As the core device of optoelectronic integration,
heteroepitaxial laser on GaAs/Si template can integrate the ad-
vantages of the two materials to realize the Si-based mono-
lithic integration of microelectronic devices and the GaAs-
based optoelectronic devices, and it is widely used in the high
bandwidth optical interconnection field.>¢!

However, the GaAs/Si heteroepitaxy encounters many
difficulties, in which the major bottleneck problem required
to be solved is the high-density threading dislocations (TDs)
due to the substantial difference in lattice constants between

the two materials. If there are a large number of disloca-

DOI: 10.1088/1674-1056/abfd9f

tions in the epitaxial layer, the minority carriers will form
non-radiation recombination before the population inversion,
which will seriously affect the performance of laser.!”! There-
fore, it is necessary to take measures to reduce the density of
TDs. In the past 40 years, various methods have been proposed
for TD bending, such as thermal cyclic annealing, patterning
substrates, and using strained-layer superlattices (SLS) and
QDs.!3-14 Compared with SLS, QDs have strong stress field
as three-dimensional stress structures. A very strong Peach—
Koehlor force will bend the dislocation energetically when a
TD propagates close to a QD.[!5-18]

To reduce the TD density, the design of QD disloca-
tion filters has attracted extensive attention. Experimentally,
Wang et al. measured the dislocation density to be about
2 x 10° cm™2 by inserting five-layer InAs QDs dislocation
filters into GaAs/Si film while the the dislocation density is
5% 107 cm~2 in the sample without QDs.!'”! By the theoreti-
cal analysis and further optimizing the experimental condition,
Hu et al. reduced dislocation density from 3 x 10° cm™2 to
9 x 10° cm~2 by combining the insertion of three-layer InAs
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QDs dislocation filters with the three-step growth method. [2°!

Theoretically, Ye et al. analyzed the TD bending in GaN/AIN
QDs by using the finite element method (FEM), in which the
misfit strain introduced by the edge dislocation is modeled by
feeding Eshelby strain into this system.*!l Yang et al. used
the position independent model (PIM) to calculate the bend-
ing area ratio of single In,Ga;_,As/GaAs QD.[IS] Zhou et al.
investigated the effect of In,Ga;_,As/GaAs QDs component
on the obstruction of TDs by adopting FEM model. [*?!

In short, the dislocation density is reduced with using
the embedded QDs dislocation filter, and the TD bending is
observed by transmission electron microscopy (TEM). How-
ever, the effect of dislocation filters cannot be anticipated be-
fore the crystal growth. Evaluating the bending capability can
not only help us to improve the performance of QD disloca-
tion filters thereby avoiding the poor effect in experiment, but
also shorten the experiment time and reduce cost. Whereas
according to the reports, the theoretical study about edge dis-
location is unsuitable for the analysis of TD bending in a
GaAs/Si epitaxial system. The position of TD is ignored by
the PIM method, but its position plays an important role in de-

(231 More importantly, these

termining the elastic strain energy.
researches are limited to single QD, which cannot provide
enough help for the design of dislocation filters in experiment.

From what has been discussed above, in this study, the
full consideration is devoted to the influence of dislocation
position, and the finite element method (FEM) is used to es-
tablish the three-dimensional (3D) model of 60° TD, and the
critical condition for TD inclination is studied. What is more,
the method to evaluate the bending capability of single-layer
QDs and multi-layer QDs is proposed.

In the first part of this paper, the critical position for TD
bending is determined by the FEM calculation. Next, the influ-
ence of cap layer thickness and QD base width are discussed,
and the results indicate that the increase of them makes pos-
itive contribution to TD bending. Finally, the bending area
ratio of single-layer QDs and the dislocation blocking ratio of
multi-layer QDs (TDs impeded by QDs dislocation filter di-
vide by the initial TDs) are predicted.

2. Model and methods

The previous researches show that the boundary effect
can be effectively avoided if the volume of the substrate is
much larger than QD, and the initial stress in the substrate can
also be considered to be zero.[2420 Therefore, we establish a
cubic GaAs substrate with a size of 100 nmx 100 nmx 100 nm
including 0.3-nm wetting layer (usually 1 ~ 2 monolayers!>*!).
A 4-nm-high tapered InAs QD is located in the center above
the substrate. The width of the QD ranges from 8 nm—24 nm,
and the thickness of cap layer is 5 nm. Note that the effect of
cap layer thickness will be studied in the later section, in which

the different thickness is also analyzed. In our work, Cartesian
coordinates are adopted and the origin is seated the center of
the substrate bottom. The X axis, Y axis, and Z axis repre-
sent [110], [-110], and [001] directions, respectively, where Z
direction is the growth direction of QD as shown in Fig. 1.

GaAs cap layer

// Z[001] IngAs wetting]

7 layer
/
/\ Y[-110]
TD
X[110]

GaAs buffer layer

Fig. 1. Geometrical model of InAs/GaAs QD.

In this system, the lattice mismatch stresses o-f)j =
(as—aqgp)/agpCd;i; (i,j = x,y,z) are exerted on QD, where
as and agp (as = 5.653 A, agp = 6.058 A) are the lattice con-
stants of the substrate and the QD, respectively. The elastic
matrix of InAs C'?7-1 is expressed as

103.945 24745 454 O 0 0
24.745 103.945 454 0 0 0
C— 45.4 454 8329 0 0 0
0 0 0 396 0 0
0 0 0 0 396 0
0 0 0 0 0 18.945

The unit of each component in this matrix is in GPa. The
non-singular, self-consistent formulas are adopted to simu-

late the TD segment3?) with Burgers vector expressed as

[v/(3/8)as, \/(3/8)as, as/2] and line vector [001], respec-
tively.

Assume that there are two cases (1: TD enters into QD,
2: TD inclination occurs), as shown in Fig. 2. The elastic
strain energy of the whole structure is calculated by varying
the arrival position of TD in QD base width. Then the crit-
ical position and the bending area ratio of single QD can be
obtained when the energy of the two systems is equal.

TD inters in%

N\

TD inclination occurs

Fig. 2. Two cases when TD arrives at base of QD.
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There is the stress caused by lattice mismatch and the
stress induced by TD when TD enters into QD. The well-
known equation is adopted to calculate the elastic strain en-

22.27.31] In addition to the above two

ergy of the system.!
kinds of stress sources, the stress induced by MD should be
taken into consideration, and thus the equation needs adjusting
appropriately>>3!] and the corresponding elastic strain energy
in this system can be computed. To make the solution conver-
gent, the appropriate boundary conditions are imposed, and a
reasonable numerical value is obtained.

Through the calculation of the critical condition, we can
obtain the bending area ratio A of single QD and the bending
area ratio of single-layer QD M, is inferred to be

M, =ASp, D

where S is the base area of single QD, and p is the density
of QDs. Assuming that the TDs are uniformly distributed in
the GaAs substrate and TD inclination occurs only when it
reaches close to QD (neglecting the stress released by QDs
formation'?¥ and the interaction between TDs), the disloca-
tion blocking ratio of n-layer QDs dislocation filter M,, can be
calculated from the following equations:

M = ASp (1—My) + M, @)
M3 =ASp (1 — M) + M, 3
o)
M, =ASp (1 =M, 1) +M, . 5)

Based on the above equations, the relationship between the
number of the QDs layer and the blocking dislocation ratio
can be speculated.

3. Results and discussion

In this section, the relationship between dislocation po-
sition and the elastic strain energy of InAs/GaAs QDs in the
two isolated systems is explored. Then the effects of the cap
layer thickness and the base width are investigated. Finally,
the bending capability of the single-layer QDs and the multi-
layer QDs are discussed.

As shown in Fig. 3, the corresponding elastic strain en-
ergy Ey, (the elastic strained energy of the system when TD
enters into QD) and E ;s (the elastic strained energy of the sys-
tem when TD inclination occurs) for a QD with 20-nm base
width are calculated by changing the arrival position of TD
from center to the boundary of the QD along the X -axis direc-
tion. When the TD enters into the QD without MD formation
(the black curve as shown in Fig. 3), it can be seen that the en-
ergy is significantly affected by the position TD reaching and
it decreases as TD approaches to the edge of the QD. While
the energy tends to fluctuate up and down slightly when TD

inclination occurs (the red curve as shown in Fig. 3). Two
curves intersect at 9 nm, which is considered to be the critical
position. The left side of the intersection represents QD bend-
ing TD into interfacial MD, and then the bending area ratio
(about 81%) can be further obtained. It is found that the TD
bending occurs more easily when it reaches the center region
of the QD. We speculate that this is due to the force QD load-
ing on TD in the central region is stronger than that in the edge
region, and MD is energetically favorable in this region.

= Ethr )
--@-- Emis T

19.38f
19.36
19.341
19.32f
19.30f
19.28}F

Energy (102 eV)

19.26
° o0

0 2 4 6 8 10

19.24

Dislocation position (nm)

Fig. 3. The relationship of the stain energies Ey, and Ep,;s with the disloca-
tion position.

In order to explore the influence of cap layer thickness for
TD bending, we fix the critical position in a range from 9 nm
to 9.8 nm, then the cap layer thickness is adjusted to make Eiy,
and Ens equal. Itis indicated in Fig. 4 that the thickness of cap
layer needs increasing with the critical position moving right-
ward. With the bending area ratio of single QD raised from
81% to 96%, the required thickness must increase from an ini-
tial value of 5 nm to 9.2 nm. And the computations show that
Ey is much larger than Es in the whole range of QD base
when the thickness of cap layer exceeds 10 nm. The result
shows that heightening the thickness of cap layer can benefit
the inclination of TD energetically, and this thickness selected
in experiment to be almost more than 20 nm!32%1 is perfect
enough.

81% 85% 88% 92% 96%

Cap layer thickness (nm)
~

9.0 9.2 9.4 9.6 9.8
Critical position (nm)

Fig. 4. Relationship between cap layer thickness and critical position.

110201-3



Chin. Phys. B Vol. 30, No. 11 (2021) 110201

Varying the base width from 8 nm to 24 nm and consid-
ering the 5-nm cap layer thickness, the Ey, and Eys are cal-
culated, and the results show that the relationship between the
base width of QD and the bending area ratio of single QD is
obtained. It can be seen from Fig. 5 that the bending area ra-
tio shows an overall upward trend in this interval, but a slight
decrease at 14 nm. This ratio increases rapidly from 8 nm to
12 nm, and it goes up steadily from 14 nm to 20 nm. Within
the range of the base width, the maximum bending area ratio
reaches 85.56%. The changing pattern is well consistent with

(201 (red points in the figure). However,

the analytical results
there are some differences in quantitative value since we take

TD position and cap layer into consideration.

90 T T T T T
P —a FEM calculation
X * analytical solution
2 8ot 1
%
-
@
g
3
el
=}
]
as]
60 E

8 12 16 20 24
Base width (nm)

Fig. 5. The relationship between bending area ratio and base width of the
single QD.

By using Eq. (1) and taking the density of 10! cm~? into
account, the bending area ratio versus base width of single-
layer QDs is calculated and shown in Fig. 6. The result shows
that the bending area ratio keeps an upward tendency when
the base width increases from 8 nm to 24 nm, and it rises up
first slowly then rapidly in this range. The bending area ratio
reaches its maximum value at 24 nm, i.e., roughly 38.71%.
This is similar to the calculation result reported previously!?’!
(red points in the figure).

40F —m FEM calculation 1
* analytical solution

30F

20

10F

Bending area ratio (%)

0 1 1 1 1 1
8 12 16 20 24

Base width (nm)

Fig. 6. Relationship between bending area ratio and base width of QD of
single-layer QD.

Also following Eqgs. (2)—(5), the dislocation blocking ra-
tio is predicted with taking a base width of 24 nm. The results

are shown in Fig. 7, indicating that the dislocation blocking
ratio increases with the layer number of QDs rising from one
to five. But unlike the bending area ratio of single layer, the in-
crease is gradually slow down and tends to be saturated. When
the number of the layers is five, the blocking dislocation ra-
tio rises up to 91.35%. This regular pattern demonstrates that
about 3-5 embedded QD layers can reduce the QDs density
sufficiently, which can be proven by the previous experimen-

tal results. 19:20]

100 T T T T T

90 b

80 b

70 b

60 b

50 b

40F b

Dislocation blocking ratio (%)

30 1 2 3 4 5

Numbers (layer)

Fig. 7. The relationship between blocking dislocation ratio and layer number
of QD.

4. Conclusions

In this work, the TD bending with InAs/GaAs QDs is
studied. The results show that TD bending is more likely to oc-
cur in the central area of QDs, and its critical position is about
9 nm, corresponding to the height and width of the QD of 4 nm
and 20 nm, respectively. The TD bending can be strength-
ened by increasing the cap layer thickness and the base width.
In addition, the method to calculate the bending area ratio of
single-layer QDs and the blocking dislocation ratio of multi-
layers QDs are proposed. For QDs with a density of 10!! cm ™2
and a base width of 24 nm, the bending area ratio of single-
layer QDs reaches 38.71%, and the blocking dislocation ratio
rises up to 91.35% when using the five-layer embedded QDs.
This research can accurately evaluate the bending effect at the
beginning of the experiment, and thus providing reasonable
guidance for designing the QD dislocation filter. Although this
study is about 60° TD with InAs/GaAs QD, its method is also
applicable to other systems with reasonable modification.
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