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‘We present a theory to simulate a coherent GaN QD with an adjacent pure edge threading dislocation by using a

finite element method. The piezoelectric effects and the strain modified band edges are investigated in the framework

of multi-band k - p theory to calculate the electron and the heavy hole energy levels. The linear optical absorption

coefficients corresponding to the interband ground state transition are obtained via the density matrix approach and

perturbation expansion method. The results indicate that the strain distribution of the threading dislocation affects the

electronic structure. Moreover, the ground state transition behaviour is also influenced by the position of the adjacent

threading dislocation.
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1. Introduction

During the last decade, semiconductor quantum-
dot (QD) heterostructures have been a subject of ex-
tensive research due to their applications in fabricat-
ing a wide variety of optoelectronic and microelec-
tronic devices. In particular, nitride QDs have po-
tential applications both in the visible and ultravi-
Stranski-Krastanow GaN QDs

grown on AIN have been realized by molecular beam

olet energy ranges.

epitaxy (MBE) and metal organic chemical vapour
deposition (MOCVD) techniques.? GaN and rele-
vant nitride alloys generally have a hexagonal struc-
ture, which leads to a strong built-in piezoelectric field
in the heterostructure. Consequently, self-organized
GaN/AIN QDs can exhibit a large red shift at an en-
ergy of the photoluminescence, about 0.5 eV below
the GaN bulk bandgap.®! Large built-in electric fields
of pyroelectric and piezoelectric materials make the
GaN/AIN QDs interesting candidates in quantum in-
formation processing.[¥! Recently, the preferential nu-
cleation of GaN QDs at the edge of AIN threading dis-
locations has been observed via high resolution trans-

(5]

mission electron microscopy (HRTEM).!”! The large

strain near the edge threading dislocation may serve

as the QD nucleation template. However, most of the
GaN QDs are coherent, which can be supported by
the intense and temperature-independent photolumi-
nescence (PL) spectrum. Obviously, it is important
to consider both piezoelectric and dislocation-induced
strain effects in the theoretic analysis of electronic and
optical properties.

In a series of previous articles and letters, =9 the
electronic structure of hexagonal GaN/AIN QD struc-
tures has been studied, including the strain effects and
the piezoelectric effects. The main aim of the present
work is to study more clearly how the adjacent thread-
ing dislocation influences the electronic structures and
optical properties. We present a method to simul-
taneously simulate the adjacent pure edge threading
dislocation within QD heterostructures by using a fi-
nite element method (FEM). The interaction between
strain fields introduced by threading dislocation and
by misfit is taken into consideration. Then, the piezo-
electric effects and the strain modified band edges
are investigated. Based on the single-band effective
mass approximation, we calculate the wavefunction
and the energy levels of the electron and heavy hole,
from which the linear optical absorption coefficients
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can also be obtained. The results are compared with
the experimental data available and the previous the-
oretical results.

2. Numerical calculation

As presented in Fig. 1, a truncated hexagonal
GaN QD embedded in AIN matrix, together with an
adjacent edge threading dislocation, is considered in
this work. In our simulation, Cartesian coordinates
are adopted. The x-direction corresponds to the [1120]
direction and the epitaxial growth is along the [0001]
direction with the interface at z = 0. The QD size
is determined by the diameters of the circles that cir-
cumscribe the polygons at the bottom and the top, Ry,
and R;. Hgot is the sum of QD height and thickness

additional half-plane of atoms

of the wetting layer. The geometry varies with QD
height as follows: the wetting layer width is kept at a
constant of 0.5 nm and the QD height is varied from
1.8 nm to 3.6 nm. The top diameter equals the to-
tal QD height 2R; = Hgo; while the bottom diameter
2Ry, varies linearly with QD height from R;, = 8.5 nm
to Ry, = 4.0 nm. The dimensions of the substrate
and the capping layer in this model are both set to be
30x30x15 nm. The threading dislocation is aligned
along one of the edge of the coherent QD. Calculations
are carried out in the framework of anisotropic elas-
ticity, with the adoption of different elastic constants
for the quantum dot, substrate and capping layer. All
the material parameters for the calculation are cited
from Ref. [9].

Fig. 1. A three-dimensional (3D) view of GaN/AIN QD with threading dislocation (a) and view of the QD

structure in the z—y plane (b).

2.1. Strain distributions

We use the stiffness matrix to describe the dependence of the strain component on the stress component.

For the wurtzite crystal and coordinates adopted, this dependence is expressed as

Oxx Ci1 Cia Cis 0 0 0 Epx — ng
Oyy 012 Cll 013 0 0 0 €yy Egy
Ozz Ci3 Ci13 Cs3 0 0 0 Euy — 822 0
- (C11—=C12) +o, (1)
Gy 0 0 0 @ o Eay
Oy 0 0 0 0  Cu 0 ey
Oxz L 0 0 0 0 0 C44 1 Exz

where the components of € are the initial strain used
in the FEM calculation, while the components of ¢°
are the initial stress, which are set to zero.

To simulate the strained GaN QD, coherency is

imposed in the quantum dot by initial strains. The ini-

tial strain components in the x-, y-, and z-directions

equal the lattice mismatch
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e vy Afilm
0 _ 0 Csub — Cfilm
ST T (2)
m
0 _ . .

047302-2



Chin. Phys. B Vol. 19, No. 4 (2010) 047302

Then, we add a pure-edge threading dislocation with
a Burgers vector of byq = 3a[1120] into the model as
shown in Fig. 1. This type of dislocation can be sim-
ulated by feeding an extra initial strain, which corre-
sponds to the displacement of an extra half-plane of
atoms, in a region extending from the bottom of the
substrate up to the top of the capping layer. This spe-
cific region is along the dislocation line [0001] and its
width equals the lattice constant in [1120]. The extra

initial strain is defined as[*!

% = [(a[1120] + brq) — a[1120]]/(a[1120] + beq). (3)

In the present work, only the strain effect of the
threading dislocation is taken into consideration.

2.2. Piezoelectric effects

The piezoelectric effects in the GaN/AIN system
are considerably stronger than those observed in cu-
bic GaAs-based structures.['?l This built-in piezoelec-
tric field significantly modifies the electronic structure.
The piezoelectric potential can be obtained by solving
the Poisson equation

—eoV - (e:(r)VVp) = p, (4)

where ¢, is the relative dielectric constant, and p is
the piezoelectric charge density and is expressed as

P (T) =-V. (Pstrain + Pspont) 5 (5)

where Pltrain and Pyont are the strain-induced polar-

ization and the spontaneous polarization respectively.

For GaN and AIN materials the strain-induced polar-

ization can be expressed as PSait = S ey (r)epm (1),
lm

in the common matrix representation it is written as

‘C:QL’Q?
€
rai yy
ppiram €11 €12 €13 €14 €15 €16
Pstrain — €2z
y €21 €22 €23 €24 €25 €26 9
€
trai yz
pgrram €31 €32 €33 €34 €35 €36
2,0
2Eqy

(6)
Only three components of the piezoelectric matrix are
nonzero, €31 = €32, €33, and €24 = €15,

2.3. Electronic structure

The single band effective-mass Hamiltonians for
electron and heavy hole are assumed, respectively, to

be expressed asl®:13]

52
H, = — V2 4+ E. +6E,, (7)
2m}
Hholc = *vz : (Al + A3) Vz - vr,y
(Ag+ Ay —A5) Vo y+ Ey+0E,, (8)
where 6 E. and §F, are both the modified band edges,
due to the strain and the piezoelectric effects. The
modified band edges can be written as
OB, = ai‘ (Eljl_yd) + atlll‘sylyd — eV, 9)
0B, = (D1 + D3)ell g + (D2 + Dy — Ds)eiyq — €V
(10)

The boundary conditions of the wave function are as
follows: the Dirichlet boundary condition is applied
to the outer boundaries while the Neumann boundary
condition is used for the inner boundaries. Similar
boundary conditions are used in solving the Poisson

equation.

2.4. Optical absorption coefficients

To calculate the optical absorption coefficients of
the QD with adjacent threading dislocation, we em-
ploy the density matrix approach and perturbation
expansion method. For simplicity, only the optical
transition between the ground states of the electron
and heavy hole is considered. Considering the incident
light propagating along the z-direction and polariz-
ing in the z-direction, the time-dependent Schrédinger
equation of the matrix operator p is given by

% — Hy~ M E()./]

=)+ (s, )
where p is the density matrix operator, Hy is the un-
perturbed Hamiltonian, p(®) is the unperturbed den-
sity matrix operator, M is the dipole operator, and I
is the phenomenological operator responsible for the
damping due to the electron—phonon interaction and

14,15]

so on. We can expand p in series,| then the linear

optical susceptibility can be written as
2
_ | Moy |” oy
E9 — hw —ihya1

cox(w) (12)

3. Result and discussion

First we take into account only the mismatch
strain and the piezoelectric effects to calculate the
electronic structure for a coherent GaN QD. The
bound states are determined by solving Egs. (7) and
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8) numerically. The calculated probability density
distributions of electrons and holes for the ground
state are shown in Fig. 2. As can be seen, the electron
wavefunction is confined up to the top of the GaN QD,
while the hole wavefunction is pushed to the wetting
layer. This figure also shows that the wavefunctions
are quite strongly confined in the centre of the dot.
All these confinements derive from the large built-in
electrostatic potential in the GaN/AIN system. The
dependence of the ground state transition energy E1-
H1 on the total QD height is shown in Fig. 3. Till
now, few absorption spectra of GaN/AIN QDs, which
correspond to the E1-H1 transition energy, have been
reported. As a common treatment method, we take
photoluminescence as a comparison, although the
Stokes shift exists. For small dots of 2.3 nm in total
height, the calculated transition energy nearly coin-
cides with the peak of the PL spectrum,® while the
calculated transition energy is 200 meV lower than
that for large dots. Since the width of the quantum
dot height distribution in the PL experiment is about

El

Fig. 2. Contours of probability densities for electron and
hole ground states in a QD without dislocation, side view
from the z—y plane and z—y plane respectively.
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Fig. 3. Dependence of the ground state transition energy
E1-H1 on the total QD height.

0.4 nm, our results are in reasonable agreement with
available experimental results. Moreover, the calcu-

lated transition energy is satisfactorily consistent with
that obtained from previous theory work. !
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Fig. 4. Strain and polarization modified conduction band
edge and heavy hole valence band edge along the [0001]
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Fig. 5.
though the core of threading dislocation (a), and heavy
hole band edge along the y-direction though the core of
threading dislocation (b).

(a) Electron band edge along the y-direction

We now consider the effects of an adjacent thread-
ing dislocation on electronic structure. As an exam-
ple, we introduce the adjacent threading dislocation
in the centre of an edge of the large QD via the ex-
tra initial strain aforementioned. The dot height is
4.1 nm. The strain and polarization modified con-
duction band edge and heavy hole valence band edge
along the central [0001] axis are shown in Fig. 4. The
band edges are the same as the case without disloca-
tion because the strain field of the dislocation becomes
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trivial on the central axis of the QD. The electron and
the hole states are still spatially separated. But in the
lateral direction, the band edges are significantly mod-
ified near the threading dislocation due to the strong
strain field near the core as illustrated in Fig. 5. The
potential barrier between GaN QD and the AIN cap-
ping layer leads the electron states to be largely unaf-
fected because of the presence of the dislocation. The
threading dislocation affects the heavy hole states in a
more direct way since the hole wavefunction is nearly
confined in the wetting layer.

Figure 6 shows the calculated contours of con-
stant probability densities for hole states in the large
and the small QDs with an adjacent dislocation in the
centre of edge. The deformation of the wavefunction
of the heavy hole in a large dot is negligible while the
deformation is obvious in a small dot. For a large dot,
the transition energy reduces 29.7 meV when the dis-
location appears at the corner of the QD edge, while
the transition energy reduces 46.1 meV when the dis-
location at the edge centre. For a small QD, the tran-
sition energies reduce 31.4 meV and 57.6 meV with the
two different positions of dislocation. Our results are
consistent with the decreased effect of the dislocation
on the transition energy as dot size increases.['8! This
phenomenon derives from two aspects: 1) the confine-
ment induced by the piezoelectric effect is stronger
for large dots; 2) the strong dislocation strain field
which modifies the band edge decays within only sev-
eral nanometres. Furthermore, it is obvious that the
transition energy is also influenced by the position of
adjacent edge dislocation. The changes of the transi-
tion energy, with and without the appearance of dislo-
cation, are dependent on the location of the extra-half
plane of atoms as demonstrated in Fig. 7. Moreover,
the linear absorption coefficients for small and large
QDs in the presence and the absence of threading dis-
locations are shown in Fig. 8. The magnitude of the
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absorption coefficient depends on the overlap of the
electron and heavy hole wavefunctions. The spatial
separation caused by the piezoelectric effects leads the
absorption coefficient to be greatly reduced for a large
QD. The positions of peaks for the different disloca-
tion conditions correspond to the transition energies
calculated. Interestingly, it can be seen that the mag-
nitudes of the peaks are almost unchanged for disloca-
tions appearing at different positions. Our method is
still expected to be validated by relevant experiments.
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Fig. 6. (a) Contours of constant probability densities for

hole states in a large dot with dislocation in the centre
of one edge (a), and (b) contours of constant probability
density for hole states in a small dot with dislocation in
the centre of one edge.
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Fig. 8. Variations of linear absorption coefficients with photon energy for small (a) and large (b) QDs.
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4. Conclusion

The strain components of a truncated hexagonal
pyramid with an adjacent pure edge dislocation are
calculated via continuum elastic theory. The thread-
ing dislocation is simulated by feeding an extra initial
strain corresponding to an extra-half plane. Taking
the influences of strain and piezoelectric effects into

account, we solve the Schrédinger equation based on

the single-band effective mass approximation. The ef-
fects of the dislocation are not so huge because the
built-in electric potential laterally confines the elec-
trons and holes to the centre of the dot. When the
dot is relatively small, the heavy hole wavefunctions
are deformed due to the occurrence of the disloca-
tion. The interband ground state transition energy
is affected not only by the occurring of the threading
dislocation but also by the position of the dislocation.
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