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This article deals with the strain distributions around GaN/AIN quantum dots by using the finite element method.

Special attention is paid to the influence of Alp 2Gap gN strain-reducing layer on strain distribution and electronic

structure. The numerical results show that the horizontal and the vertical strain components are reinforced in the GaN

quantum dot due to the presence of the strain-reducing layer, but the hydrostatic strain in the quantum dot is not

influenced. According to the deformation potential theory, we study the band edge modifications and the piezoelectric

effects. The result demonstrates that with the increase of the strain reducing layer, the transition energy between the

ground state electron and the heavy hole increases. This result is consistent with the emission wavelength blue shift

phenomenon observed in the experiment and confirms that the wavelength shifts toward the short wavelength range is

realizable by adjusting the structure-dependent parameters of GaN/AIN quantum dot.
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1. Introduction

Quantum dots (QDs) have been attracting strong
interest, owing to their potential applications in the
fabrication of a wide variety of optoelectronic and
microelectronic devices relying on their atom-like
properties. They have potential applications in the
fields of the light emitting diode, the solar cell, the
quantum dot laser, and so on.'=? Several meth-
ods can be used to fabricate QD materials, but the
most popular method is Stranski-Krastanow (S-K)
growth method.[ In this growth method, the three-
dimensional (3D) islands grow on a prevously formed
two-dimensional (2D) wetting layer. The strain dis-
tributions are very important for the researchers to
understand, both the growth mechanism and mate-
rial performance.l®! As is well known, the misfit strain
is the main driving force in the S-K growth method.
The elastic field produced by the embedded QDs can
further influence the positions of the post-growth of
QDs by long-range elastic interaction.l®! Another im-

portant aspect of the influence of the strain is that
the elastic field can substantially change the electronic
band structure and so the performance of the optoelec-
tronic devices, which is often referred to as the ’energy
band engineering via strain’. Recently, it has been
proved, both in theory and by experiment, that the
1.3 pm- and 1.5 pym-long wavelength emissions from
the InAs/GaAs QDs are realizable by introducing the
Ing oGag.gAs strain-reducing layer (SRL),[7_11] which
is embedded around the InAs QD and wetting layer.
In the present paper, using the finite element method,
we discuss the strain distribution of GaN/AIN QDs
embedded in Aly2GaggN SRL, including the piezo-
electric effects and the strain modified band edges in
the framework of multi-band k- p theory. The electron
energy levels and the heavy hole energy levels are cal-
culated in the single-band effective mass approxima-
tion. The results show that the transition wavelengths
between the ground states of electron and hole shift to-
wards the short wavelength range with the increase of
the thickness of the SRL, which is in contrast with the
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case of InAs/GaAs QDs embedded in the Ing 2Gag gAs
SRL.

2. Theory model

Using the finite element approach to investigate
the strain distributions of self-organized GaN/AIN
QDs structures, a full 3D model is necessary, for the
QD is often hexagonal-symmetric in shape. The sim-
ulation details can be found in the previous publica-
tions, thereby being omitted here.['2=14 The geomet-

ric structure of QD used in this work is shown in Fig.1.
The height of the truncated hexagonal pyramid QD is
4.1 nm, the thickness of the wetting layer is 1 nm,
and the lengths of the edges of the top and bottom
surfaces are 4 nm and 8.5 nm respectively. The height
of the Aly2GaggN SRL is an adjustable parameter,
which is in a range from zero to 4 nm. In the present
work, the parameters of GaN and AIN used in numer-
ical calculation, such as the elastic constant, the band
edge and the deform potential, are listed in Table 1.
The parameters of Aly2Gag.gsN can be approximately
obtained by linear interpolation.

Table 1. Material parameters of GaN and AIN used for calculations. Lattice constants (in 10710 m); elastic
constants C11, C12 and Cyq (in Gpa); Average value of valence-band edge E, and band gap Eg (in eV),
hydrostatic deformation potentials A, and D, (in eV), and Effective mass of electron me (in mg) and mo

is the mass of free electron.

m! mg C11 C12 Cayg C13 C33 e1s e31 €33

GaN 0.2 0.2 390 145 105 106 398 -0.49 -0.49 0.73

AIN 0.28 0.32 396 137 116 108 373 -0.6 -0.6 1.46
pspont el ell Eg Ey Ec ag at a c Dsg
GaN -0.029 9.28 10.01 3.475 0 3.475 -9.5 -8.2 3.189 5.185 1.4
AIN -0.081 8.67 8.57 6.23 -0.8 5.43 —5.4 1.16 3.112 4.982 1.4
Ay As As Ay As Ag Dy Do D3 Dy D5
GaN —7.24 -0.51 6.73 -3.36 -3.35 —4.27 0.7 2.1 1.4 -0.7 -0.7
AIN —4.71 —0.58 3.68 —2.17 —2.27 -2.21 0.7 2.1 1.4 -0.7 -0.7

= (1000)

Fig.1. Schematic diagrams of GaN/AIN QD with wetting layer and Alg.2Gag.sN SRL.

In strain calculations, we set the boundary condi-
tions as follows: all the elements of the substrate and
the layer side faces are fixed against the displacement

in the directions normal to the faces. The lattice mis-
match is introduced by using the thermal expansion
strain: raising the temperature of the QD system by
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1 K and the thermal strain coeflicient is assumed to be
the absolute value of the lattice mismatch.['41% The
lattice mismatches are 0.039 and 0.024 respectively
along the growth direction and the transverse direc-
tion for QD and the wetting layer, 0.035 and 0.024
for SRL, and 0 for substrate and capping layer. The
thermal expansion simulation environment is easy to
be realized by using the finite element tools such as
ANSYS, COMSOL, and so on.'*15] The influence of
the strain on the band structure is investigated based
on the multi-band % - p theory.['6=18 The modified
band edges of the conduction band and heavy hole
band, owing to the strain and piezoelectric effects, are
expressed as

0Be = af (ciya) + allelyq — Vi, (1)
By = (D1+Ds)ell g +(Da+ Dy~ Ds)eiyq —eVp, (2)

where gﬂyd and sﬁyd are the hydrostatic strain com-
ponent along the growth direction and the trans-
verse direction respectively, and they are expressed
as s‘}llyd = €,,, and €}J1_yd = €4z + €yy. The parameter
Vp in expressions (1) and (2) is the piezoelectric po-
tential and can be obtained by solving the following
equation:

g0V - (ex(r)VVp) = p, (3)
where €, is the relative dielectric constant, ¢ is the di-
electric constant in vacuum and p is the piezoelectric
charge density and expressed as

P (T) =-V. (Pstrai + Pspont) 3 (4)

where Piirai and Pypont are the strain-induced polar-
ization vector and spontaneous polarization vector re-
spectively. For GaN and AIN materials the strain-
induced polarization can be expressed as Pftain =

> eim(r)erm (1), in the common matrix representa-
lm

tion it is written as

‘SII
€
trai yy
prram €11 €12 €13 €14 €15 €16
€
Pstrain — e e zz
y 21 €22 €23 €24 €25 €26 9
. Eyz
stra Y
ppirain €31 €32 €33 €34 €35 €36
2.,
284y

The electron and heavy hole energy levels are
calculated in the single band effective mass envelope
function approximation, and the electron Hamiltonian
and the heavy hole Hamiltonian are expressed respec-

tively as[!9]
h? 1 h?
5 ViIr Vi 5 Ve
2 ml 2
1
: va_ +E. + 6Ec:| ¢ = Ecd)v (6)

[—VZ . (A1 +A3)VZ —Vm’y

. (AQ + A4 - A5) Vz,y + EV + 5Ev:| Y = Ehgﬁ.
(7)

The boundary conditions of the wave function are as
follows: the Dirichlet boundary condition is applied to
the outer boundaries to make sure that the wave func-
tion is convergent. For the inner boundaries, the Neu-
mann boundary condition is used. The same bound-
ary conditions are used in solving the equation (3).

3. Results and discussion

Figure 2 shows ¢,, and €,, strain distributions
along the symmetry axis of the QD as a function of
the height of the SRL, where the z-axis is along the
growth direction (0001), and the base of the quantum
dot is located at the position z = 0 nm. As can be
seen in Figs.2(a) and 2(b), both strain components are
reinforced inside the quantum dot with the thickness
of the SRL increasing from 0 to 4 nm. The absolute
value of the strain for €., is reinforced from 0.018 to
0.024 on an average, and the strain for €., is increased
from 0.0025 to 0.012 on an average. However, near the
interface between the barrier regions (substrate and
capping layer) and QD region, the distributions of the
strain components are in opposite circumstances and
the strains are reduced with the increase of the thick-
ness of the SRL. The strain for ., is reduced from
0.005 to zero on an average, and the absolute value
for €., decreases from 0.0125 to zero on an average.
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Fig.2. Strain distributions along the symmetric axis of GaN/AIN QD, where (a) is for e44 strain

component and (b) for €., component.

It is interesting to investigate whether the reduced
strain in the barrier and reinforced strain in quan-
tum dot will lead to the shift of emission wavelength.
Based on the multi-band & - p theory, from expres-
sions (1) and (2), the hydrostatic strain component
directly determine the change of band gap. The resul-
tant hydrostatic strains as a function of the thickness
of SRL are shown in Fig.3. We can see that in both the
quantum dot and the barrier region, there is no large
strain difference in hydrostatic strain when the thick-
ness of the SRL varies from 0.0 to 4 nm. In the barrier
region, the hydrostatic strain is almost zero. In the
quantum dot region, the hydrostatic strain is not re-
duced obviously, and the absolute value of the hydro-
static strain is almost constant. When the thickness of
the SRL is increased from 0 to 4 nm the distribution
of hydrostatic strains demonstrates that the compres-
sive strain in the quantum dot is not reduced due to
the presence of Aly.2GaggN layer. So the Aly.2GagsN
layer cannot reflect the effects of strain reducing as
the InAs/GaAs QD embedded in the IngoGagsgAs
layer. 148l

Based on expressions (1) and (2), we investigate
the influence (without piezoelectric effects) of strain
on conduction band edge and heavy-hole band edge as
a function of thickness of the Aly2GaggN SRL. The
results are shown in Fig.4, where E.y and E,y denote
the band edges of conduction band and valence band
of the bulk GaN and AIN materials respectively. It is
very clear that the whole effects of the modification
about the conduction band and the heavy-hole band
yield a notable increase of the band gap in the region
of the quantum dot. Among these effects, the hydro-
static strain leads to no effect on the conduction band

edge with the thickness of the SRL increasing, while
the transverse and vertical hydrostatic strains yield a
reduction of the heavy-hole band edge in the QD re-
gion. It is reasonable to expect that the increasing of
the band gap will yield the increasing of inter-band
transition energy between the ground state electron
and the heavy hole and so the blue shift of the emis-
sion wavelength. It is important to note that although
the band gap is increased, the height of the barrier is
not obviously modified by the strain, especially at the
interface. The height of the barrier experiences only a
little change, so the influence of the barrier height on
the energy level can be neglected.

(0 oot
—0.01 ¢
o
% 002}
W
—0.03 1
—0.04 ‘ ‘ .
—10 —5 0 5 10
z/nm

Fig.3. Distributions of hydrostatic strain along the cen-
tral axis of the quantum dot.

From the above discussion, we can confirm that
the blue shift of the emission wavelength is qualita-
tively consistent with the data reported in Ref.[13].
However the achievement of the blue shift is only
partly attributed to the strain modified valence band
in the QD region due to the embedded AlgoGaggN
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SRL. The additional piezoelectric potentials in the
quantum dot and the barrier material can also pro-
duce influence on the energy levels of electron and
heavy hole. To give a more detailed analysis about the
published experimental results, the degree of blue shift
as a function of thickness of embedded SRL should be
investigated in the single band effective mass enve-
lope function approximation, in which the effects of
piezoelectric potential should be included. Based on

Energy/eV

Egs.(6) and (7), a finite element numerical analysis
is performed to obtain the single band effective mass
envelope function. In our calculations, the strain in-
duced band edge modifications, the piezoelectric po-
tential, the differences in effective mass among GaN,
AIN and Alp2Gag gN, and the different band edges of
the GaN, AIN and Alp2GaggN are all taken into ac-
count. These relevant parameters can be seen in Table
1.

Energy/eV

z/nm

Fig.4. Strain modified conduction band edge (a) and heavy-hole valence band edge (b) as a

function of the thickness of Alg 2Gag.sN SRL.

The piezoelectric potential distributions of GaN QD without SRL and with 2 nm-thickness of SRL are

shown in Fig.5. It is easy to see that the piezoelectric potential in the barrier regions are reinforced due to the

presence of SRL. Furthermore, the distributions of piezoelectric potential in the barrier regions are extended

greatly.

/

symmetric axis of the QD

1.0441

0.815
GaN QD
—0.595

—0.6836

(b)

Fig.5. Piezoelectric potential (in eV) distributions of QD with thicknesses of SRL being 0 (a)

and 2 nm (b) respectively.

Figure 6 demonstrates the conduction band and the valence band edge distributions along the symmetric

axis of the QD. It is easy to see that the influence of piezoelectric potential is very prominent. The piezoelectric

potential pushes the part of the deepest potential well of the conduction band toward the top of the QD,
while it pushes the part of the deepest potential well of the valence band to the bottom of the QD. So the



No. 10 The influence of strain-reducing layer on strain distribution and ground state energy levels ... 4141

piezoelectric effects just like the Stark effect of the quantum well in a static electric field. With the thickness
of SRL increasing, we can see the depths of the quantum wells for both the conduction band and the valence
band are enhanced, but the differences are not very obvious (the average value of the band edge in the QD is
almost not affected by SRL). It should be noted that, however, the piezoelectric potential only produces the
effect on the confinement potential along the (0001) direction. As can be seen in Fig.5, there are no obvious
differences in piezoelectric potential distribution along the horizontal direction. So, it is not the piezoelectric
effect but the strain that determines the confinement potential along the horizontal direction of the QD. In the
following, we will not show the confinement potential distributions along the transverse direction. However, in
order to evaluate the influence of SRL on the effective band gap, the calculations of the ground state electron

and heavy hole energy levels are necessary.

Energy/eV

Energy/eV

Fig.6. Conduction (a) and heavy-hole (b) band edge (considering both strain and piezoelectric
effects) distributions along the symmetric axis of the QD as a function of thickness of the SRL.

from the ground state electron to the ground state
heavy-hole versus height of the SRL. It is easy to see
that, with all the effects taken into consideration, the
transition energy first decreases and then increases
with SRL thickness increasing when the SRL thick-
ness is larger than 2 nm. The trend qualitatively

accords well with measurements. In the theoretical

Transition energy/eV

viewpoint, the tuning emission wavelength via SRL
for GaN/AIN QD is realizable. However, it should

be noted that the tuning mechanism is mainly not

H/nm

due to the piezoelectric effects but the strain effects

Fig.7. Calculated transition energy from ground state originating from the SRL. This strain-induced shift of
electron to ground state heavy-hole as a function of the

height of SRL. the emission along the short wavelength direction is

completely different from that of InAs/GaAs QD em-
Figure 7 shows the curves for transition energy  bedded in InGaAs SRL.
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The wave function distributions in the quantum dot have no obvious differences with the thickness of

SRL increasing, as expected from the potential well distribution in Fig.6. As an example, the energy state

distributions of the six lowest electron energy levels are shown in Fig.8. The energy levels are 2.692, 2.770,

2.783, 2.882, 2.886 and 2.916 eV separately. As can be seen, the wave functions are pushed to the top part of

the quantum dot due to the potential well confinement induced by the piezoelectric effect.

Fig.8. Three-dimensional views of electron probability density distributions for the six lowest bound

states, where the upper part shows the side view from the x—y plane, and the lower part indicates the

side view from the z—y plane, with SRL thickness being 2 nm.

4. Conclusions

We systematically discuss the strain distribution
of a GaN/AIN QD and its effects on the electronic
structure and the transition energy with different
thicknesses of Aly2GagsN SRL. First, according to
the finite element method, we calculate the strain dis-
tributions. Second, the strain modified band edges

including the piezoelectric effects are also investigated

in the framework of the multi-band & - p theory. Fi-
nally, the single band effective mass envelope function
approximation is used to calculate the electron and
the heavy hole energy levels. The calculated tran-
sition energy from the ground state electron to the
ground state heavy hole confirms that the blue shift
of the emission wavelength is due to the embedded
Alp2Gag gN SRL. The results are qualitatively consis-

tent with the measurements reported in the literature.
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