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Effects of hydrostatic pressure and external electric field
on the impurity binding energy in strained GaN/AlxGa1-xN
spherical quantum dots
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The binding energy and Stark effect energy shifts of a shallow donor impurity state in a strained GaN/AlxGa1-xN spherical
finite-potential quantum dot (QD) are calculated using a variational method based on the effective mass approximation.
The binding energy is computed as a function of dot size and hydrostatic pressure. The numerical results show that the
binding energy of the impurity state increases, attains a maximum value, and then decreases as the QD radius increases for
any electric field. Moreover, the binding energy increases with the pressure for any size of dot. The Stark shift of the
impurity energy for large dot size is much larger than that for the small dot size, and it is enhanced by the increase of electric
field. We compare the binding energy of impurity state with and without strain effects, and the results show that the strain
effects enhance the impurity binding energy considerably, especially for the small QD size. We also take the dielectric
mismatch into account in our work.
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AlxGa1-xN materials have adjustable band gap ranging from
3.3 eV to 5.1 eV, and the huge mismatch of conduction band
in the interface of GaN/AlxGa1-xN heterojunction is an order
of magnitude bigger than the traditional GaAs/AlxGa1-xAs
system[1,2]. Therefore, GaN/AlxGa1-xN is very suitable for the
optoelectronic devices operating in the short wavelengths of
visible and ultraviolet spectral regions. An external electric
field along the growth direction of quantum dots (QDs) can
be used to control and modulate the output intensity of the
optoelectronic devices, so the function of the electric effect
has been widely studied for quantum well[3-5] and DQ[6-9].

Hydrostatic pressure can shift effectively the energy lev-
els of semiconductor materials without altering the crystal
symmetry. Because the applied pressure can also modulate
the strain effects, it has attracted considerable attention both
theoretically and experimentally[10-16].

The topics like confined donors or acceptors in QDs have
been extensively investigated[7-21]. Although many authors
have discussed the impurity states in GaN/AlxGa1-xN zinc-

blende QDs[18,19], the strain and pressure are neglected in pre-
vious works. Thus, further research is meaningful to the de-
sign and manufacture of optoelectronic devices.

In this paper, we investigate the effects of external elec-
tric field and hydrostatic pressure on the binding energy of a
shallow donor impurity in a strained GaN/AlxGa1-xN spheri-
cal finite-potential QD using the variational approach with
the effective mass approximation. Our results seem to be more
reliable than those obtained before[18,19], since the effects of
strain due to the mismatch of lattice constants are considered
here.

In the effective mass approximation, the Hamiltonian for
impurity state in a spherical QD under the influence of elec-
tric field is given by
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Similarly, the Hamiltonian for an electron in the absence of
the donor can be written as
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where F is the external electric field along the z-axis, e is the
absolute value of the electronic charge, and the effective mass
is given by
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where m1 and m2 are the effective masses of GaN and
AlxGa1-xN, respectively, and R is the radius of QD. The con-
fining potential V

C
(r) is given by

,
,0

0
C V

rV
Rr
Rr                                                     ,                                    (4)

where V0 depends on the Al concentration in AlxGa1-xN. V(r)
is the Coulomb potential energy within the electron and
impurity.

The dielectric constant of the dot is 
1
, and that on the

barrier is 
2
. Because of the difference of the dielectric

constants, an electron is not only the donor ion itself, but
also the image charge distribution. In our presentation, as
the spherical symmetry of spherical QD, electric displace-

ment is rr eEEeD 22 4
so,
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vector along the direction of the radius to outside. So the
Coulomb potential is
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where 1 and 2 are the dielectric constants inside and out-
side the dot, respectively. The Coulomb potential energy is[20]

,
4

,
44

2

2
21

12
2

1

2

r
e

R
e

r
e

rerV
Rr

Rr
                                                                                      .    (6)

Using a variational method, the trial wave functions of Eq.
(1) for the ground state of the impurity state can be written as[21]
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From Eq.(8), the smallest radius for the existence of a
bound state can be obtained as
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Finally, the ground state energy of the impurity state and an
electron in the absence of impurity under the electric field
are can be obtained by minimizing the expectation energy
with respect to 1 and 2, which are as follows
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The binding energy of impurity state for the ground state
under electric field is given by
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The Stark effect energy shift of impurity state energy can
be written as

011Stark FEFEE                                                         .                                 (13)
The variations of the parameters, such as dot size, dielec-

tric constant, effective mass and barrier height, which are
caused by the strain effects due to the mismatch of lattice
constants and the hydrostatic pressure modifications, are
considerable. The variations can automatically affect the do-
nor binding energy and Stark effect energy shift. In the present
work, we display the above parameters of GaN and AlN de-
pending on the strain and hydrostatic pressure. The corre-
sponding parameter of AlxGa1-xN can be obtained by linear
interpolation method[22].

The lattice constant depending on the pressure is ex-
pressed by Murnaghan state equation[23]:
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where 1and 2 are the variational parameters. 2
012 Em ,

and 2
0022 EVm , where E0 is the energy of the gro-

where aj(0) is the j material’s lattice constant for zero pressure,
and B0,j is the j material’s bulk modulus of zinc-bilende
structure.

The variations of biaxial and uniaxial strain tensor ratio
with pressure can be written as[24]

und state in the absence of the electic field for an electron
and can be solved by the transcendental equation[20]
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where j is GaN(AlxGa1-xN) material, k is AlxGa1-xN(GaN)
material, and C11,j and C12,j are elastic constants for j material.

The variation of band gap with the hydrostatic pressure P
is considered as[23]

2
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where b and c are the pressure coefficient of band gap for
GaN or AlxGa1-xN, and the band gap of AlxGa1-xN for zero
pressure obtained by linear interpolation method. In the
strained zinc-blende QD, the variation of band gap with the
pressure and strain can be written as[24]
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where j
C and j

V are the deformation potentials of conduc-
tion and valence band, respectively.

The variation of electronic effective mass with the pres-
sure and strain can be calculated by[25]
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where Cj is a constant and can be determined by solving Eq.
(20) when P= 0. The hydrostatic pressure dependence of
frequencies can be written by the Gru..neisen parameter[23].
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The modification of phonon energy due to pressure can be
expressed as[23]

where QGaN and QAlN are the corresponding parameters asso-
ciated with GaN and AlN, respectively.

In order to understand the pressure, strain and electric
field dependences of the donor binding energy, we preform
numerical computation for GaN/AlxGa1-xN spherical QD.
Using the band gap difference[27] of E

g,AlGaN
=E

g,GaN
(1-x)+

xE
g,AlN

+530(1-x)x (meV) and assuming 60 % contribution to

the conduction band, the value of V0 is V0=0.6 (E
g,AlGaN

-E
g,GaN

).
The parameters used in the computations are got from Refs.
[23,28-30]. The calculated results are presented in Figs.1-5.

Donor binding energy as a function of dot radius is shown
in Fig.1, for the cases with and without strain while pressure
is P=0. The donor binding energy increases, attains a maxi-
mum value, and then decreases as the dot radius increases. It
can be understood by the fact that when the dot radius is
extremely large, the confining potential has very small influ-
ence on the impurity state, and therefore it tends to the free
electron case and the binding energy trends to a constant
value. As the dot radius becomes very small, one has a -
function potential with a finite strength, and tunneling ef-
fects are enhanced. Hence, the binding energy attains a maxi-
mum value. The result is in good agreement with GaAs/
AlGaAs QD in Ref.[31]. On the other hand, we observe that
the strain effects are more appreciable for narrow dots. It can
be explained by the fact that the QD tends to bulk material
with the increase of dot size, and therefore the effect of strain
due to the mismatch of lattice constants becomes more and
more unconspicuous.
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The variations of high frequency dielectric constant with the
hydrostatic pressure can be written as[26]
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Using the famous Lyddane-Sachs-Teller (LST) relation-
ship[24], the static-dielectric constant with pressure effect can
be derived as
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The other parameters with pressure for ternary mixed
crystal AlxGa1-xN can be obtained by linear interpolation
method:
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Fig.1 Donor binding energy with and without strain ef-
fects as a function of the dot radius

The donor binding energy as a function of Al concentra-
tion is shown in Fig.2. It is found that the donor binding en-
ergy increases as the Al concentration increasing, and the
variation trend is more obvious for the small Al concentration.
It can be understood by the fact that the situation tends to the
infinite-potential case with the increase of Al concentration,
and therefore the effect of barrier height becomes less obvi-
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Fig.2 Donor binding energy as a function of Al concen-
tration with different dot radii

Fig.3 shows binding energy of impurity states as a func-
tion of the dot radius for different values of the electric field.
It is clearly seen that the binding energy hardly changes with
respect to the applied electric field in the regime of strong
geometric confinement. The binding energy diminishes when
the quantum dot confinement decreases, and the behavior
becomes stronger as the applied electric field increases. The
result is in good agreement with Ref.[18].

Fig.3 Donor binding energy as a function of the dot ra-
dius for three different applied electric fields

In Fig.4, the binding energy is plotted as a function of the
hydrostatic pressure for different QD radii. It shows that the
impurity binding energy increases nearly linearly with the
increasing pressure. It is in good agreement with other
works[13-16]. It is explained by the fact that the relative dis-
tance between the electron and the impurity is decreased,
and then the Coulomb interaction is increased, when the dot
size is reduced as the pressure increases. On the other hand,
we observe that the influence of pressure is more appreciable

Fig.4 Donor binding energy as a function of the hydro-
static pressure for various dot radii

Fig.5 describes the variation of the energy shift with the
field strength. It shows that the Stark shift of impurity energy
is increased as the field strength increases. Moreover, we
also find that the energy shift  increases with increasing dot
size. It can be explained by that the influence of electric field
is not obvious for the small dot size due to the quantum con-
finement effect, and therefore the Stark shift is more obvious
for the large dot size. The results agree with the result for
quantum well[3] and QD[18].

Fig.5 Stark shift of the impurity energy as a function of
electric field for various dot radii

To summarize, the binding energy of impurity in a strained
zinc-blende GaN/AlxGa1-xN spherical QD is discussed with a
variatioal method by considering the hydrostatic pressure and
electric field. The results show that the binding energy of
impurities increases with pressure for any dot radius and de-
creases with the electric filed. The influence of strain effects
on the binding energy for small dot radius is stronger than
that for large dot radius. The Stark shift of the binding en-
ergy of impurity state increases with the electric field, and
rapidly becomes larger with increasing dot size.

ous for the large Al concentration. In addition, we also no-
tice that the influence of Al concentration is more appreciable
for narrow dots. The results can be explained by that the elec-
tron feels the boundary of the spherical QD more easily when
dot size decreases.

for the small dot sizes, which corresponds to the result of C.
X. Xia[16].
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