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Abstract. Understanding the behavior of single dopant in semiconductors is a challenge to attain a high control
on optoelectronic devices. Based on the fact that the external perturbations have an important impact on
properties of doped nanocrystals, we have studied the simultaneous effects of phonons and conduction band nonparabolicity combined to dielectric mismatch and donor position on the photoionization cross section of an offcenter donor in spherical GaN/InN core-shell quantum dots. The calculations were carried out within the
framework of the effective-mass approximation and the eigenvalues equation has been solved using the Ritz
variational method. The examination of the photoionization cross section, corresponding to the ﬁrst donor
energy level and the non-parabolic conduction band optical transition, shows clearly that the existence of nonparabolicity band or dielectric environment causes a blue shift of resonance peaks while the existence of phonon
red shift them with a non-neglected variations in their intensity. The donor position has also an important effect
on peaks position and amplitude.

1 Introduction
Semiconductor nanocrystals (SNs) are among the most
studied materials that meet the needs of today’s applications, such as biolabels sensors, light-emitting diode lasers
and drugs. They are ﬂuorescent nanoparticles whose radius
is comparable to the Bohr exciton radius of the material.
In bulk, the materials dimensions are much bigger than
the Bohr radius, thus the energies are continuous.
Decreasing the size to be almost equal the Bohr exciton
radius results a discretization of energy levels, this leads to
a signiﬁcant change in the electronic density of states
(DOS) of charge carriers due to the spatial conﬁnement of
the wave function.
The Quantum dots (QD) are one of the most known
nanoparticles groups. Once they are discovered by Alexei
Ekimov in 1980s [1], the era of nanotechnology was begun.
There has been much advancement in nanomaterials
★
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synthesis and nanotechnology research that demonstrated
the QDs impact in different ﬁelds such science, engineering
and healthcare.
Core-shell semiconductor nanoparticles have been
broadly investigated in the last two decades. Reviews on
the production of core-shell quantum dots (CSQDs) as well
as their physical properties have recently appeared [2,3].
In many cases, fabricating CSQDs makes use of rather
cheap chemical procedures which have made them most
appealing to applications in the areas of photocatalysis and
optoelectronics [4–6].
Generally speaking, there are three types of CSQDs;
type-I, inverted type-I and type-II. They are classiﬁed
based on the band alignment of their core/shell materials.
Type-I (inverted type-I) has a shell (core) band gap bigger
than that of the core (shell) which is conﬁning electrons/
holes in nanostructure core [7,8] (shell [9,10]). In type-II,
valence and conduction bands of the core are both higher or
lower than those of the shell taking the form of a cascade
and leading to a spatial separation of opposite sign charge
carriers i.e. electrons are in core while holes are in shell or
vice versa [11,12].
Every type of the three has its advantages. Type-I
is known by its high photoluminescence quantum yields
[13–15] resulting from its high shell band gap which
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passivats layer and suppresses the non-radiational recombination [16]. It also acts as a barrier that improves
stability and precludes the polarization of electron-hole
pairs.
Inverted type-I is known by its much more tunable
emissions compared to type-I allowing beneﬁting from full
color display [17]. Tuning the shell thickness provides a
high control of emission wavelength. In such structure, the
emission comes from the radiative recombinations of
electrons and holes conﬁned in the shell. In QD-based
solar cells, this type favors the photogenerated electrons
extraction and increases the electron injection rate
beneﬁting of non-overcoming the shell big physical barrier
as type-I case [9].
In type-II structure, the fact that electrons and holes
are localized in two different regions decreases signiﬁcantly
the charge carriers recombination rate leading to a
prolonged luminescence lifetime. Further, type-II structure
can be emitter at wavelengths that cannot be carried out
with any other two materials alone [18].
Regarding III-nitride-based QD structures we can ﬁnd
some interesting studies. Ghazi et al. [19] have investigated the magnetic ﬁeld effect on donor states in GaN/
InGaN CSQD. The properties of exciton in GaN/InGaN
quantum dot-quantum well system have been investigated by Ganesan and Senthilkumar [20]. The nonlinear
optical properties were also the subject of some papers,
Elkadadra et al. have studied them in cubic structure [21]
whereas Liu et al. in spherical one [22]. The choice of the
III-V GaN/InN is encouraged by crystal tetrahedral
structure of the both GaN and InN materials and also by
the large difference between their gaps which make them
suitable for reversed type-I CSQD. This choice is
supported by their promising potential optoelectronic
applications [23,24].
Adding impurities into nanostructures is an efﬁcient
way to control their properties [25]. It’s well known that
during the growth process it may be unintentionally
having impurities due to the non-purity of the precursors
or to the non-total cleanliness of used equipment.
Recently, experimental developments allow to having,
manipulating and even controlled positioning single
dopants into nanostructures [26,27]. The presence of
single dopant inﬂuences considerably optical, electric
and magnetic semiconductors properties which opens
the door to improve many optoelectronic devices.
Moreover, the impurities-excitons binding can provide
a better understanding to photoluminescence transitions
[28–31].
On the other side, ionic and weakly ionic materials as
the nitride-based nanocrystals have an electron-polar
interactions that cannot be neglected, they are coming
from the renormalized electron-phonon effective mass and
the edge energy of conduction band [32–34]. The inﬂuence
of polaronic corrections on impurity states in QD has been
investigated in some papers [35,36]. Another work can be
mentioned, is that of Sali et al. in which they have studied
the phonon and conduction non-parabolicity band (NPB)
effects on the binding energy of on-center impurity in a
spherical GaAs QD [37]. In a recent paper, we have

reported a theoretical study on impurity bound polaron
inﬂuence in GaN/InN CSQDs taking into consideration the
band non-parabolicity effects [38].
The CSQDs are frequently surrounded by a dielectric
medium. Thus, the dielectric mismatch (DMM) between
the core and shell layers or between the shell and the
surrounding medium creates image charges that modify
electron-donor electrostatic potential. Several authors
have studied the effect of DMM on cubic, spherical and
cylindrical forms [39–42]. Cristea and Niculescu have
investigated the CSQDs geometry [43–46]. Vartanian and
his team have reported a work concerning dielectric
mismatch and polaron effects on impurity optical response
of spherical QDs [47].
In a recent work, we have investigated phonons and
donor position effects on the binding energy and on the
photoionization cross section (PCS) for CdTe and ZnSe
materials. The calculations were done in the framework
of a simple inﬁnite conﬁning potential system. The
resonance peaks of PCS have been red shifted when the
effect of electron-LO-phonon interactions are taken into
consideration or when the donor is moved away from the
center to the shell edges [48]. In this paper, in addition to
electron-LO-phonon corrections and donor position, we
have investigated the effect of the conduction non
parabolic band and the dielectric mismatch on the PCS
of single impurity conﬁned in zinc blende (ZB) GaN/InN
CSQD. This time, the conﬁning potential is chosen to be
more realistic as a ﬁnite barrier. The theoretical
approach, methods and calculation conditions are
presented in Section 2. Numerical results and discussions
are given in Section 3. Conclusions are outlined in
Section 4.

2 Theoretical framework
We consider a GaN/InN spherical CSQD composed of a
core with radius a wrapped by a shell with radius b. The
hydrogenic impurity D0 is assumed to be in the shell region
along to the z-axis (see Fig. 1). We emphasize that the
whole structure is embedded in a dielectric medium
characterized by a large band gap and a small dielectric
constant such as SiO2 (e = 3.9) and BaTiO3-ferroelectric
(e = 5). To take into consideration the image charge effects
caused by the surrounding dielectric matrix we havepﬁxed
ﬃﬃﬃﬃﬃﬃﬃﬃ
the dielectric constant of the structure as ein ¼ ec es ,
where ec = eGaN and es = eInN, and that of the external
medium as eout [43,49].
Besides, the electron-LO-phonon interaction has been
treated applying the bulk-like description of the polaronic
effect via the well-known Fröhlich model and adopted
subsequently to the Bajaj and Aldrich model in order to
provide a better description to the Coulombic coupling
[50–52]. Here, we may recall that LA, TA and TO phonons
have not been taking into consideration since the Frohlich
approach judge them null and can be neglected. For more
details see references [52,53].
Furthermore, we suppose that, around the G-point,
the material conduction band is inﬂuenced by the
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which represents the electron-impurity electrostatic interaction including both, the Coulomb potential and the
image charge of the impurity; this last depends on the
donor position.
off-centre donor,ﬃ it is given as above.
qFor
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

Where, reD ¼ r2 þ D2  2rD cosðuÞ is the donor-electron
distance, and u is the angle between their vectors position r
and D. Pk (cos(u)) is the kth-order of Legendre
polynomial.
As well, there is another term that represents the
electron self-energy originate from the interaction with its
image-charge [59].
W ðrÞ ¼

∞
r2k
e2 ðein  eout Þ X
kþ1
:
2ein b
kein þ ð1 þ kÞeout b
k¼0

ð5Þ

On the other side, the non-interacting LO-phonon
Hamiltonian in the two regions (i = c, s) has the form
[35]:


X
1
hvLOi a†lm ðqÞalm ðqÞ þ
H ph ¼
ð6Þ
2
lmq
Fig. 1. Schematic representation of core/shell Quantum Dot
structure.

non-parabolicity phenomenon which leads to an energydependent polaron effective mass written as follow [54–56].


E  Vi


me ði; EÞ ¼ me;i 1þ
ð1Þ
Ei;g
where ‘i’ labels each material and Vi is the conﬁnement
potential given, as a function of the radial position, by [57].
8
0  r  a
>
< QDE g ;
a<r  b
ð2Þ
V w ðrÞ ¼ 0;
>
:
∞;
r>b
where Q = 0.7 is the conduction band offset parameter
deﬁned as 70|30 between conduction and valence bands
[57,58]. DEg is the difference between the core (GaN) and
the shell (InN) band gaps at G-point:


ð3Þ
DEg ¼ Eg ðGaNÞ  Eg ðInNÞ :

a†lm ðqÞ and alm ðqÞ are, respectively, the creation and the
annihilation operators, l and m are the azimuthal and
magnetic quantum numbers and vLOi is the LO-phonon
frequency. The electron-LO phonon coupling Hamiltonian
in Fröhlich framework will be [52]:
H i;eph ¼

e2
e2 ðein  eout Þ

ein b
ein reD



kþ1
DreD k
P k ðcosðuÞÞ

kein þ ð1 þ kÞeout
b2
k¼0
∞
X

ð7Þ

Vq,i is the amplitude interaction given by:
V q;i ¼ 



ihvLOi 4pai 1=2
h

2me ði; EÞvLOi
q
V

1=4

ð8Þ

where V is the volume of the structure and a is the
coefﬁcient of the electron-LO-phonon
cou dimensionless

2

pling coefﬁcient, it’s given as: ai ¼ 2e0ehvhi
:
LOi
i
 

2me ði;EÞvLOi 1=2
and e10 ¼ e01  e10;i :
Whereas hi ¼
h
i

∞;i

Further, the energy-dependent effective mass of
polaron, in each material, has the form [40]:

The existence of external dielectric medium around the
structure requires additional terms in the potential energy.
Firstly, we have the Coulombic energy [45,46].
Vc ¼ 


X
V q;i eiqr aq þ V q;i eiqr a†q

mep ði; EÞ ¼ me ði; EÞ

1 þ ai =12
:
1  ai =12

ð9Þ

Based on the above information, the effective Hamiltonian
of Aldrich-Bajaj can be expressed as [40,60,61]:
ð4Þ
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Veff is the renormalized phonon energy comprising the
Coulombic potential [40].
V ieff ¼ 

e2
e2
 0
expðhi reD Þ
e0;i reD ei reD

eh
expðhi reD Þ
 ai hvLOi :
þ 0i
2ei 1 þ ai =12 þ ai =ð4 þ ai =3Þ

ð11Þ

Here, it’s worth mentioning that due to ZB structure
symmetry the built-in electric ﬁeld term (BEF) comes from
piezoelectricity and spontaneous has not been taken into
account. So, pay attention that for wurtzite nitride
structure, BEF shouldn’t be neglected [23].
To simplify the writing of the equations, we use the
h2 ein
effective Bohr radius aD ¼ mepc
2 ¼ 12:9 nm as unit of
ðE Þ e
2

length, and the effective Rydberg RD ¼ 2eine a2 ¼ 5:42 meV
D
as unit of energy. Thus, the Hamiltonian for the core and
the shell regions can be simpliﬁed, respectively, as follow:
See equation below.
where
V 1eff ¼ 

The conﬁnement potential and the core/shell radii
determine the electron position. There are two possibilities:
1s
either in the core for E1s
e < V 0e or in the shell for E e ≥ V 0e .
In the ﬁrst case we have [38,62,63]:
0  r  a
1 N 1 sinh ðk1 rÞ;
ð12Þ
r N 2 sin ½k2 ðr  bÞ; a < r  b
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
=R
V 0e  E1s
¼
E1s
where k1 ¼
,
k
D
2
e
e =s ðE ÞRD and
s (E) = mep (c, E)/mep (s, E).
In the second case the wave function turns to [38,62,63]:
ce ðrÞ ¼

0  r  a
1 N 3 sin ðk3 rÞ;
ð13Þ
r N 4 sin ½k4 ðr  bÞ; a < r  b
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E1s

V
¼
E1s
and
k
=R
where k3 ¼
0e
D
4
e
e =s ðE ÞRD .
In both cases Ni are the normalization constants that we
can calculate via the condition ⟨ce|ce ⟩ = 1. The ground
state energy E1s
e is determined by solving the transcendental equation resulting from the continuity equations
of the wave function and the probability current
densities at the core surface:
ce ðrÞ ¼

½ccore ðrÞr¼a ¼ ½cshell ðrÞr¼aþ

ein
expðhc reD Þ
ec reD

1
dccore ðrÞ
mep ðc; EÞ
dr

ein
expðhc reD Þ
 ac 
þ 0 hc
hvLOc =RD
ec 1 þ ac =12 þ ac =ð4 þ ac =3Þ
ein
expðhs reD Þ
es reD
ein
expðhs reD Þ
 as 
hvLOs =RD :
þ 0 hs
es 1 þ as =12 þ as =ð4 þ as =3Þ

V 2eff ¼ 

ð14Þ

0

0

Without the impurity, the wave function of electron
writes: c (r, u, ’) = Rn (r) Yl,m (ue, ’e). Rn (r) is the radial
part, Yl,m (ue, ’e) are the spherical harmonics, n, l and m
are, respectively, the main, azimuthal and magnetic
quantum numbers. Here, we consider only the ground
state energy corresponding to n = 1, l = 0 and m = 0
conﬁguration.

r¼a

¼

1
dcshell ðrÞ
mep ðs; EÞ
dr

ð15Þ
where a and a+ denote the core and the shell sides of the
interface respectively.
The donor ground state energy ED0 and the corresponding envelope wave function are solutions of the
Schrödinger equation:
Hcðr; u; fÞ ¼ ED0 cðr; u; fÞ:

cD0 ðr; u; fÞ ¼ Nce ðrÞebreD :

∞
r2k
2ðein  eout Þ X
kþ1
þ V 0 þ V 1eff
b
ke
b
þ
ð
1
þ
k
Þe
in
out
k¼0

H 2 ¼ s ðEÞD 

P ðcosðuÞÞ þ

ð16Þ

This eigenvalue equation, which has no analytical
solution, can be solved using a variational approach. The
trial wave function is as:



∞
2
2ðein  eout Þ X
kþ1
DreD k
H 1 ¼ D 

reD
b
kein þ ð1 þ kÞeout b2
k¼0
P ðcosðuÞÞ þ

r¼aþ



∞
2
2ðein  eout Þ X
kþ1
DreD k

reD
b
kein þ ð1 þ kÞeout
b2
k¼0

∞
r2k
2ðein  eout Þ X
kþ1
þ V 2eff
b
ke
b
þ
ð
1
þ
k
Þe
in
out
k¼0
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Table 1. Input parameters for zinc-blende GaN and InN at low temperature (see Refs. [74–77]).
Parameters

Material
GaN
InN

me =m0

e0

e∞

Eg ðeV Þ

vLO ðcm1 Þ

0.193
0.054

9.44
11.22

5.31
7.0

3.3
0.60

742
590

By minimizing the expectation value of H against the
variational parameter b we can determine the impurity
ground state energy.
ED0 ¼ min
b

⟨cjHjc⟩
:
⟨cjc⟩

ð18Þ

The binding energy Eb is given as:
Eb ¼ E1s
e  E D0 :

ð19Þ

Generally, the photoionization cross section (PCS) in
low-dimensional system describes the transitions between
the impurity ground state as an initial state and the
subband as ﬁnal state. Its formula, in the standard dipolar
approximation, writes: [64,65]:

  
4p2
F eff 2 me 2 X
aF S
hv j⟨ci jz r jcf ⟩j2

s ð
hvÞ ¼
nr
F0
m0
 d Ef  Ei  
hv

ð20Þ

nr is the refractive index material, aFS = e2/
hc is the ﬁne
structure constant [66] and hv is the photon energy. Feff/F0
is the effective ﬁeld ratio; Feff is the effective dielectric ﬁeld
of a transition while F0 is the average ﬁeld in the medium
[67]. ⟨ci jz re jcf ⟩ is the dipole moment matrix element of
the concerned states, where z is polarization vector of light
wave. ci is the initial state wavefunction given by equation
(19) and cf is the ﬁnal state given by equations (12) and
(13).
In collisional mode which corresponds to our case, the
delta d, in equation (20), can be replaced by the Lorentzian
function as follow [68,69]:
d Ef  E i  hv →

I fi G
ðE b  
hvÞ2 þ G2

ð21Þ

where G is the impurity line-width and Iﬁ is the optical
integral whites as:
I if

Z
2



¼  cD0 ðr; u; fÞce ðrÞr cos udt :

ð22Þ

v

To calculate the PCS, we need to calculate the effective
ﬁeld parameter Feff, which is not evident due to the
inhomogeneity of impurity site and to its three spatial
components for each direction of polarization of external
radiation. To obtain a local ﬁeld dependence in 3D spatial a
self-consistent calculations are done [70,71]. The effective

ﬁeld ratio ðFFeff0 Þ, which can be obtained by adjusting the
theoretical curve with experimental one, may be small or
big depending on the electrons bound energy if it’s weak or
strong respectively. As far as we know, there are no
experimental results for the impurity PCS in CSQD
structure to doing comparison, and based on the fact that
the cross section shape is not affected by the effective ﬁeld
ratio, thus, we take FFeff0 ¼ 1 [72,73]. Thereby, the ﬁnal PCS
expression writes:
Z
2






h

vG
c
ð
r;
u;
f
Þc
ð
r
Þr
cos
udt
0
e
2
 2
D


4p aF S me
v
:
s ðhvÞ ¼

2
2
nr
m0
ðEb  hvÞ þ G
ð23Þ

3 Results and discussions
As mentioned above, the aim of this work is analyzing the
impact of non-parabolicity band, the electron-LO-phonon
interaction, in-shell impurity position and the dielectric
mismatch perturbations on the PCS of an ionized donor in
GaN/InN CSQD. Table 1 presents the input parameters of
materials involved in the calculation.
As we study the effects of the LO-phonon, DMM and
the conduction band form (PB or NPB), it is important to
us to understand how these contributions behave. Figure 2
shows the variation of phonons and DMM energies as
function of the core radius (a) for b = 2aD with and without
the NPB model. DMM energy is calculated for two
different external medium materials: SiO2 (eout = 3.9) and
BiTO3 (eout = 3.9).
Seeing curves, it can be readily remarked that both
terms, whatever the core radius value, have a negative
contribution. Starting by phonon energy (Fig. 2a), we can
remark that this term decreases as the core radius increases
which means, in absolute value, that the interaction is more
important in the strong conﬁnement case. Regarding the
NPB case, it conserves the same tendency but with an
important increase, in absolute value, compared to the PB
case. This is due to the fact that the NPB induces a strong
correlation between the donor and LO-phonons. Also, we
can notice that the gap between PB and NPB curves
increases as the core radius increases, in other words it
increases when the conﬁnement get stronger.
For the aim to approaching the real situation, we have
introduced the DMM effect in our approach. This
contribution is summarized in Figure 2b. The variation
of DMM is given for b = 2aD and for both cases, with and
without the parabolic band hypothesis. From this ﬁgure,
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Fig. 2. Variation of phonons (a) and DMM (b) energies versus
the core radius for b = 2aD with and without NPB effect.

Fig. 3. Photoionization cross section as a function of the incident
photon energy for different values of the outer radius b.

we can note that the effects of the polarization charges has
an attractive character, it has negative values whatever the
conﬁnement strength (the core radius value). It depends on
the well size; in absolute value, it is more important in the
strong conﬁnement case. Besides, the comparison between
PB and NPB curves shows a conﬁnement dependent. For
the weak conﬁnement the NPB effect on DMM is more
important, as the core radius increases as it decreases and
vanishes for b  a = 0.5aD. It should be noted that the NPB
inﬂuence is more remarkable when the difference between
the dielectric constant of the structure and that of the
external medium is too important.
Now, we will turn our attention to the PCS which is the
main subject of this paper. To check the validity of our
calculations we begin by analyzing the PCS without
perturbations.
In the following, the use of red shift and blue shift
means left and right displacement of the resonant

Fig. 4. Photoionization cross section as a function of the incident
photon energy for a = 1aD, b = 2aD with and without parabolicity
band effect.

peak respectively. Figure 3 presents the PCS versus the
incident photon energy for ﬁxed inner radius a = 1aD and
different shell sizes b = 2, 3 and 4aD. As stated in equation
(20), the PCS depends to the term (hvG)/((Eb  hv) + G2)
and the peak of resonant corresponds to the condition
(Eb  hv) 2 + G2 = 0. The curves show that the resonant
peaks shift to the low photon energy values as the well
width increases. This has a link with the weak geometric
conﬁnement obtained by increasing the shell dimension.
The electron-donor binding and wave function tends to be
expanded, which diminishes the binding energy and
involves the peaks red shift. Moreover, decreasing the
shell size, the peaks intensity increases. Indeed, the strong
conﬁnement pushes the wave function to be localized
around the donor in the shell center which improves
considerably the binding energy and then the matrix
element.
Let’s us add to our problem the NPB effect and see what
happens. For that, we have plotted in Figure 4 the PCS as
function of incoming photon energy with and without the
NPB effect for a = 1aD and b = 2aD. Observing the curves
we can notice that the inﬂuence of NPB has blue shifted the
peaks which is match perfectly with what we found and
discussed in the ﬁrst part. Indeed, the introduction of NPB
enhances the binding energy [38], thus moves the threshold
energy to the right side. Regarding the peaks intensity, it’s
clear that NPB diminishes it. This can be attributed to
shrink the wave function which weakens the optical
integral.
To investigate the simultaneous NPB and polaronic
effects in PCS, we have kept the ﬁrst and introduced the
second. Figure 5 shows the variation of PCS as function of
incident photon energy with and without phonon effect for
a = 1aD, b = 2aD and D = (a + b)/2 and for both PB (a) and
NPB (b). It’s clearly apparent, for all shell sizes, that the
resonant peaks are red shifted under the phonon effect.
Actually, this is expected remembering, based on our
previous works [38], that the renormalized phonon energy
contribution (Eq. (9)) causes a decrease in system total
energy.
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Fig. 5. Photoionization cross section as a function of the incident
photon energy with and without polaronic corrections for two
different values of the outer radius b: with (a) and without (b)
parablicity band effect.

Fig. 6. Photoionization cross section versus the incoming photon
energy for different values of dielectric constant including phonon
contribution for a = 1 and b = 3 with and without parabolic band
model.

This explains the spectrum red shift. We point out
that the displacement of resonant peaks is more pronounced in NPB case than PB one. This is due to the
opposite effect of NPB and phonon, the ﬁrst causes a blue
shift whereas the second a red shift, so their combination
implies more peaks displacement. In addition, the electronphonon interaction keeps the decreasing behavior of the
peaks amplitude but lower than NPB did. May we search
for the reason in the renormalized carrier mass (Eq. (1))
which is bigger than the conduction NPB effective one.
This may explain the intensity diminishing.
Taking another step ahead, we have add to the two ﬁrst
effects the contribution of dielectric mismatch by considering three different values of external medium dielectric
constant eout = 3.9, eout = 5 and ein = eout = 10.29.
Figure 6 shows the PCS versus photon energy taking
into account the electron-donor-phonon coupling with and
without the NPB effect for a = 1aD, b = 2aD and for
different values of dielectric constant mentioned above. It
is readily apparent that for both cases (a) and (b) the
DM inﬂuence shifts the threshold energy to the high values
of photon energy even in the presence of polaronic

interactions. Keeping in mind that, according to equation
(4), the DM effect plays the role of a negative energy that
attracts more the electron to the donor center, we can
notice that there is a competition between phonons and
DM effects. Seeing the curves we can say that the DM one
has winning, especially in Figure 6b in which it beneﬁted
from NPB support. Another point to underline is that as
under the others effects the peaks intensity decreases when
introducing the external environment inﬂuence. This can
be explained by the fact that the strong electron-donor
coupling resulting from the dielectric contrast diminishes
e  D distance which affects the wave function and Iﬁ, thus
makes peaks intensity falling.
Another effect that worth to be discussed is that of
the donor position. For that we have chosen, beside the
shell-center position, two signiﬁcant positions, D = a and
D = b which correspond to the core and shell edges
respectively.
Figure 7 exhibits the PCS variation as function of
incident photon energy keeping phonon, NPB and
dielectric contrast effects. For a = 1aD, b = 2aD and for
different impurity positions. Observing the curves we can
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shifts the peaks to high energy and D = b position increases
their intensity. We hope that all these conclusions help to
more understanding this effects on core/shell structures.
The authors wish to thank:
– The project of Hassan II Academy of Science and Technology
project.
– Moroccan Ministry of Higher Education end Research and
CNRST in the framework of PPR/37/2015 project.

Author contribution statement

Fig. 7. Photoionization cross section as a function of the incident
photon energy for different donor positions taking into account
phonons and NPB effects.

remark that the on-center-shell impurity position
(D = (a + b)/2) pushes considerably the threshold energy
of the PCS to higher energies. This is due to the high
electron-donor coupling in this position compared to the
others positions(D = a or D = b).
Furthermore, we have noticed that without the DM
effect (Fig. 6a) the peaks intensity has grown for D = b case.
So, although there is a redshift, the important increasing
character of Iﬁ had the control over the peaks intensity. On
the other side, introducing the external medium perturbation, the PCS keeps the same tendency of peaks
displacement but not for peaks intensity which had a
decrease behavior caused by the dielectric contrast.
Actually, this is match well with results founding above.

4 Conclusion
In this work we have tried to do a complete investigation
concerning the photoionization cross section on a single
donor impurity in GaN/InN core/shell type-I inversed
quantum dot taking into consideration all internal
perturbation: the conduction band non-parabolicity,
polaronic corrections, dielectric mismatch and donor
position. All calculations are done in the framework of
effective-mass and non-parabolic approximations. We have
used a variational approach and assumed a ﬁnite potential
conﬁnement. The analysis of obtained curves reveals
interesting results. Decreasing the well width, which means
decreasing the conﬁnement strength, shifts the PCS
resonant peaks to the low energies and increases their
peaks intensity. The phonon effect red shifts the PCS
spectra while the inﬂuence of NPB blue shifts them which
reﬂects the competition between them. Concerning the
peaks intensity, the two effects make them fall NPB one did
it more due to its large renormalized carrier mass. The
DMeffect acts as the NPB did and blue shifts the threshold
energy even in polaronic interactions presence. According
to different impurity position results and neglecting the
DM effect we can notice that the D = (a + b)/2 position
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