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Abstract : Many body interactions between single particles inside low-dimensional semiconducting materials
play a critical role in their optical characteristics. Within this context, tuning trionic and excitonic binding energy
enables tailoring of the optical band gap of a given material. In this paper, we theoretically investigated the
binding energy (Eb) of negatively charged excitons inside GaN/AIN type-I, and AIN/GaN inverted type-I core/shell
quantum dots. Firstly, we started our study by examining the variation in the energy of electrons (holes)
according to the change in the internal and external radii - as a means to obtain an insight into the energetic
behavior of non-correlated single particles inside the two understudied nanosystems. The feature of the radial
probability density distribution of confined single particles and negative trions is also discussed. Afterwards, we
examined the impact of the heteronanodot spatial parameters (core radius and shell thickness) on the binding
energy of confined trions. A comparison between the Ev behavior of negative trions inside core/shell type-I, and
reversed type-I nanodots is also highlighted. Our results exhibit a strong dependence of the negative trion binding
energy on the core material size and the shell thickness, and on the core-to-shell band mismatch as well. The
obtained data also show the opportunity of modulating the negatively charged exciton correlation energy in a
broad range extending from 220 to 650 meV. That paves the way for new optoelectronic devices based on III-
Nitride core/shell quantum dots.
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Introduction

Nowadays, III-Nitride based materials are perceived
as one of the most important families of semiconductor
materials after Silicon [1, 2, 3]. Indeed, Nitride
semiconductors have become very useful in optic and
electronic devices. That is mainly coming down from their
ability to absorb/radiate radiation with wavelength extending
from 200 nm (Ultraviolet) to 540 nm (green), and their
capability to operate under very harsh conditions (high
temperature, high power level, etc). Thus, III-Nitride
materials are very attractive in various fields of applications
including consumer electronics [4], lighting and displays [5],
high-power RF/switching devices [6], quantum information
technology [7, 8], and so many other quantum optical
appliances [9, 10, 11]. The foregoing are just some
examples of appliances of Nitride materials. The further
application of this kind of semiconductors, operating in a
very hostile environment might revolutionize the industry of
electronic and optoelectronic devices.

Over the last few decades, the investigation of the
properties of nanoscale Nitride-based materials,
particularly III-Nitride quantum dots (QD) [12] and Nitride

more

monolayer materials [13, 14], has attracted considerable
attention on the part of the material sciences researcher-
community. That is, to a large extent, motivated by the
unique properties of Nitride semiconductors, namely their
wide energy bandgap, large excitonic effects, and high-
saturation velocity, to cite a few. Additionally, due to their
ability to absorb and radiate electromagnetic waves in many
frequencies, Nitride semiconductors are also technologically
attractive in the LASER and LED industry. However, it is
worth mentioning, at this spot, that the three-dimensional
quantum confinement felt by charge carriers inside Nitride
based QDs leads to the complete localization of electrons
and holes and to discretizing the nanocrystal energy spectra,
which increases the overlapping of electron and hole wave
functions. That automatically improve the brightness of
optoelectronic appliances, and gives rise to better
temperature stability [15] and higher defect and radiation
tolerance [16]. In this vein, the use of quantum confinement
effects to control the electronic and optical properties of III-
Nitride materials could pave the way for fascinating and
improved devices operating in extremely hostile external

mediums.

Owing to the mutual Coulomb interaction between
charge carriers inside semiconductors, we are witnessing the
formation of quasiparticles, otherwise known as excitonic

complexes [17, 18, 19]. These quantum states play a crucial

role on the optical properties of crystal materials, especially
when the semiconductor dimensionality is reduced to the
angstrom scale. Thus, the presentation of thorough studies
concerning excitonic effects inside nanomaterials is of great
interest in order to provide reliable results comparable to
experimental data. To this end, various studies aimed to
improve the understanding of that complicated topic were
published by the past. More recently, Jansson et al. [20], using
an "adapted" random population model, studied the dynamics
of QDs formed in GaNAsP nano-wires. Their results show that
the formation of negative trions is facilitated by the presence of
hole-trap defects in the proximity to some QDs, which also
brings to a clear shrink of neutral excitons lifetime. On the
other hand, Elmaghraoui et al. [21] reported a theoretical
approach to excitonic complexes in polar GaN/(Al,Ga)N QDs. A
huge correlation was found between the binding energies of
excitonic complexes in GaN/AIN and the nanodot size.
Furthermore, their calculation shows that taking the exciton
energy position as origin, the energy of negatively charged
exciton X is redshifted with increasing the nanodot size, while
the energy of positively charged exciton X* is blueshifted. The
biexciton energy XX exhibits a transition from antibonding to
bonding character, decreasing the neutral exciton energy. In
addition, Tamariz and coworkers [22] investigated the optical
properties of GaN/AIN QDs directly grown on Si(111) substrate.
Their work demonstrates that these nano-systems reveal a
bright single-photon sources character with count rates at the
sample surface on the order of 10° s at room temperature.
That is explained by the large exciton binding energy in such
nanocrystals. However, by the mean of atomistic calculations,
and Schulz [23]

(In,Ga)N/GaN QDs could be a choice candidate for novel non-

Patra demonstrated that a c-plane
classical light emission via twin-photon emission. Besides, Ref.
[24] presents a self-consistent calculation of charged excitons
inside InGaN/GaN QDs. It was established that the energy of
both negatively and positively charged excitons undergoes a
remarkable enhancement compared with neutral excitons
energy. On the other hand, Sergent et al. [25] investigated the
optical characteristics of a zinc-blende GaN/AIN QDs grown by
droplet epitaxy. Their microphotoluminescence study exhibits
radiative lifetimes shorter than 287+8 ps for excitonic and
multi-exciton recombination. Additionally, Amloy and coworkers
[26] studied the optical

excitonic complexes in GaN QDs. Their results demonstrate

linear polarization properties of

that the polarization of the light emitted provides additional

spatial information, and consequently, X and XX emissions of
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individual GaN QDs could be distinguished

recorded for an ensemble of nanodots.

in spectra

As well known, the modulation of nanostructures
morphology is among the most reliable tools to "control", to
some extent, the electronic and optical characteristics of
nanoscale systems, and one can find in literature several
papers tackling the subject. For instance, Ref. [27] treats the
size modulation of exciton binding energy in a GaN/AIN
nanodot. While Williams et al. [28] investigated the change
of the exciton, bi-exciton, and charged exciton energy with
respect to the GaN/AIN QDs dimensionality. Further, Zheng
et al. [29] examined the role of a donor impurity trap on the
exciton energy for different QDs sizes and donor positions.
On the other hand, Shi and Tansley [30] obtained that the
impurity trap position has a significant impact on the energy
in strained InxGaixN/GaN QDs.
and coworkers [31]

of an exciton confined
Additionally, Chafai

theoretical study of the exciton optical characteristics change

presented a

with respect to the shape of a GaSb-capped InSb heterodot.
It should be noted, At this point, that the investigation of
excitonic complexes inside nitride-free QDs is also
extensively reported by the past, and one can refer, for
instance, to Refs. [32, 34, 35, 36, 37]. However, despite the
thousands of papers published about the subject, a well
understanding of charge carriers interaction inside core/shell

nanocrystals has still not yet occurred.

Motivated by the outstanding excitonic properties in
ITI-Nitride based semiconductors, we tackle the problem of
the binding energy size modulation of a negatively charged
exciton inside a GaN/AIN type-I core/shell QD and AIN/GaN
reversed type-I core/shell QD. Our theoretical model is
based on a variational approach in the context of the
effective-mass approximation (EMA). Further, the core-to-
shell band mismatch is modeled by a finite-depth step-like
potential energy in order to make our model more reliable.
The organization of the paper is the following: Section II
contains the presentation of the theoretical framework, in
Section III, we discuss the obtained results, and in Section

IV the conclusions are given.

Theoretical Framework

The understudied system consists on a negative
trion, exciton in permanent Coulomb interaction with an

electron, confined inside a GaN-capped AIN spherical QD.

The case of negatively charged excitons inside AIN/GaN
reversed type-I core/shell QD is also investigated, and a
comparison between the two systems is presented in the next
section. Further, it is worth mentioning that both core/shell
quantum dots (CSSQD), previously introduced, are surrounded
by a silica matrix, SiOz, in order to protect them from external

medium contaminations.

Figure 1 schematizes the studied nanostructures,
where Rc and Rs denote, in this order, the core and shell radii,
while tk=Rs - Rc¢ stands for the shell thickness. However,
Ue=1.10 eV (Un=1.71 eV) refers to the potential barrier for
electrons (holes) obtained by the means of the Anderson rule
[33]. That barrier energies are highly sensitive to the electron
affinity (Eea), and to the HOMO-LUMO band gap (Eg) of both

materials.

Figure 1:
inside: GaN/AIN type-l core/shell quantum dot (a) and AIN/GaN
reversed type-| core/shell (b) quantum dot.

Schematic representation of negative trion confined

Thus, within the context of the effective mass
formalism, applying the isotropic and non-degenerate parabolic
approximations, taking into account the dependence of the
electron effective mass on radius, and assuming that the core
and shell materials dielectric constants are sufficiently close to

ignore the effects of induced surface polarization charges, the

OAJ Materials and Devices, Vol 7, 0109 - 1 (2023) — DOI: 10.23647/ca.md20230109



Chafai et al. Insight into negative trions binding energy

Hamiltonian of a negatively charged exciton inside a CSSQD

reads:

e = 5 [00) 2 (00 i sm)]

2m

+(%v,) 2 th}+:’wh (1) + Zn (R + Voo »

J Zmy

where “j” stands for the "iota" imaginary number, m"e (m™)
is the position dependent electron (hole) effective mass,
while Uwei(ri) and Uwn(rn) are, respectively, the confinement
potential of electrons and holes written, in the case of type-I
GaN/AIN QDs, as:

oo otherwise,
and
) 0 Th = Rc
Uy () ={U,, = 1.71 eV R.<mn=Rr,
otherwise.

By contrast, the charge carriers confinement potentials
inside reversed type-I AIN/GaN QDs, read:

U, =110 &V 1 =R,

Uwsi{ﬂ;i) =40 R.<r,; =R, 4)
oo otherwise,
and
_ i, =171 eV =R,
Uy (1) = {0 R.<m =R, (5)
otherwise.

On the other hand, Zi(Rs)(i=ei, e2, en) stands for charge
carriers self-energy taken as in Ref. [38]. The last term in
Eqg. (1), is the coulomb interaction expressed as follows:

E:
Vpy=——"—""
couk Er':?';;?bi'?!:'lr'__ri'!l
g at

(6)

- + p :
er(ryrorm )| rm—rpl er(ryrorn e —rl

where &(ri, r2, rm) is assumed to be eir (the relative
permittivity of the core material) if all charge carriers are in
the core material, and €2r (the relative permittivity of the
shell material) if charge carriers are in the shell material,
otherwise &-(ri, rz2, rn)=(€ir €2r)/2.

With the aim of calculating the energy ground state of
confined negatively charged excitons, we introduced
Hylleraas coordinates [39], and that leads to the following
form of the Laplacian operator [41]:

o

i T TR

zZ 48
iy :E._,.__+E._,. E L—t " a7
i J=i rij a?‘[j' J=i k=i 2 rij e (7)
az

arij ari’
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Against this background, the negative trion energy ground
state is written as:

E_.'f_ —_ Eﬂ |:|:1F/-_ I:}':.'-'ljllH)._ |1F)._ I:)-:_u,:l:l] )

B T oo ':IFJ._ I:’-:_-u :IllF)._ I:)':_-ujl:l

(8)

where Y(&) stands for the negatively charged exciton trial
wave function taken as:

Wy (Eap) = ‘131(?'9;) =t=:{?g:} &y, (1) ©)
¥ e':_ﬂ"_ Ty h— 0z ”e:?!"'g "E-_E:j.

&n denotes the set of variables on which the wave function
depends: rei, re2, I'n, leth, Fe2n, Fete2, Where ri (i=e1, e2, h) and rj
(j#i) are, in this order, the distance between the i-particle and
the nanodot center and the interparticle distances. ®i(r:) and
®2(r2) are the ground state radial wave function of the first and
the second electron respectively, chosen as in Ref. [42], while
®n(rn) denotes the hole wave function taken as in Ref. [27].
However, a;, a,, and B are positive variational parameters,
introduced in order to take into account the mutual Coulomb
correlation between charge carriers.

Thus, one can define the negative trion binding energy
as follows:

E,=Ey —(2E.+E;), (10)

where E. and En stand for, the electron and hole ground state
energy, respectively.

Results and discussion

The current section provides the graphical representation of

our obtained numerical results.

Table 1: The used numerical parameters [40]

GaN AIN The
geometric

mean

Eg 3.39 eV 6.20 eV 4.58 eV
€r 8.9 8.5 8.69
m”e /Mo 0.20 0.48 0.31
m™h /Mo 0.26 0.47 0.35

Eea 4.10 eV 3.00 eV 3.51 eV
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As already mentioned, our investigation is based on a
variational approach within the context of the EMA. It is
pertinent to note, at this spot, that the use of Hylleraas
coordinates [39], allows to reduce the degree of freedom of
our confined quasi-particle from 9 to 6, which automatically
simplifies the numerical calculations related to the studied
nano-systems. In Table I, the various physical parameters
employed in this study are outlined, where mo stands for the
free electron mass.

&
\J

Figure 2: The radial probability density distribution of: electron
inside 4.4 nm AIN/GaN QD (a), hole inside 4.4 nm AIN/GaN
QD (b), trion inside 4.4 nm AIN/GaN QD (c), electron inside
4.4 nm GaN/AIN QD (d), hole inside 4.4 nm GaN/AIN QD (e),
and trion inside 4.4 nm GaN/AIN QD (f). The probability
density increases from red to coral. The yellow circles are the
signature of the transition between regions with maximal
density and those with minimal density.

Figure 2, displays the plot of the radial probability

density distribution, in the x-y plane, of electrons, holes, and
trions, respectively, Fig. 2a (Fig. 2d), Fig. 2b (Fig. 2e), and

Fig. 2c (Fig. 2f) inside a spherical shaped AIN/GaN (GaN/AIN)
core/shell nanodot with a fixed shell radius Rs=4.4 nm. It is
worth noticing, that the radial probability of single particles is
spherically distributed around the nanodot center for both
nanocrystals, and the formation of negatively charged excitons
does not break the observed spherical symmetry. Additionally,
the graphs show that the probability density related to the
electron, hole, and trion is maximal (coral color) near the
center of GaN/AIN QD and decreases progressively when we
move to the QD border. By contrast, the probability density of
single particles and negative trion is virtually zero (red color)
around the center of the AIN/GaN QD, and started to increase
when we move far away from the center reaching its maximum
value after that it starts decreasing to its minimum value (red
color) near to the nanodot border. Noting that, in both
core/shell nanodots, the observed yellow circles are the
signature of the transition between regions in which the
density is maximal and those of minimal densities. Thus, based
on the aforementioned remarks, we can confirm the type-I and
reversed type-I band energy alignment of GaN/AIN and
AIN/GaN nanodots, respectively. In addition, one can clearly
observe that the formation of negative excitonic trions, coming
from the mutual Coulomb interaction between two electrons
and one hole, gives rise to a trionic wave function less spread
as compared with that of single particles. That is clearly related
to the electrons and holes wave functions overlapping
phenomenon, frequently observed in nano-sized materials.

Figure 3, shows the change of the electron energy,
inside GaN/AIN QDs (Fig. 3a) and AIN/GaN QDs (Fig. 3b), as a
function of the core radius and different shell thickness values.
One can clearly see that, for a fixed nanodot diameter, the
electron energy takes higher values in reversed AIN/GaN QDs
as compared with GaN/AIN QDs, and that such behavior is
observed for all the studied quantum dots sizes. This behavior
is probably related to the effect of charge carriers localization
inside both nanodots, which is known to be modulated by the
nature of the energy level mismatch. More precisely, even for
the same heterodot size, the electron wave function is either
confined inside the spherical core material, GaN/AIN QDs, or in
the shell region, AIN/GaN QDs, depending on the core/shell QD
band alignment type. In this context, and due to the confining
region shape and size, the quantum confinement effects seem
to be more pronounced, although their identical morphology,
inside GaN/AIN than AIN/GaN QDs, and that explains the
remarkable difference observed in electron energy value. It
was also observed that for a fixed shell thickness, tx, moving
the core radius from 0.005 to 1 nm decreases the electron
energy in both systems. Further, we obtained that in AIN/GaN
reversed type-I QDs, the electron energy stays roughly
constant for Rc higher than 1 nm. By contrast, in GaN/AIN
type-I QDs we assist to a slight increase in the electron energy
far away Rc=1.2 nm.

Figure 4, illustrates the variation of confined hole
energy, in GaN/AIN QDs (Fig. 4a) and AIN/GaN QDs (Fig. 4b),
with respect to the core radius (Rc) for various shell thickness
(tx). It is worth noticing that the qualitative behavior of holes
energy, is by the far, radically different from the electrons
energy character. Additionally, we can observe that, as

OAJ Materials and Devices, Vol 7, 0109 - 1 (2023) — DOI: 10.23647/ca.md20230109
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compared to the electron energy, the confined hole energy
presents very low values in both QDs. On the other hand,
the qualitative behavior of confined hole energy is roughly
the same in both GaN/AIN and AIN/GaN QDs. Thus, as
exhibited in this figure, changing the core radius value, the
shell thickness, or engineering the energy band mismatch of
the confining nanosystem impact the quantitative behavior
of confined hole energy. That can be certainly a reliable
manner to modulate the electronic and optical properties of
core/shell nanodots, paving the way for new powerful
semiconductor devices.

t=1.2 nm ' t,=1.2nm
0.9 t,=1.3 nm
t,=1.4 nm 1,0 4

0,8 a)

0,9 1
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Figure 3: Electron energy as a function of the core radius for
various shell thickness values tk=1.2 nm, 1.3 nm, and 1.4 nm.
In (a), the results are for GaN/AIN type-| core/shell quantum
dot, whereas in (b) are for AIN/GaN reversed type-I core/shell

quantum dot.

Figure 5, presents the negatively charged exciton
binding energy, in GaN/AIN QDs (Fig. 5a) and AIN/GaN QDs
(Fig. 5b), versus the radius of the core material, R, for
various thickness values of the shell material, t«. It is worth
noticing that, when Rc< 0.5 nm, the qualitative behavior of
Eb is virtually the same in both nanodots and that is
regardless of the change in the shell thickness. Otherwise,
the trionic binding energy still roughly constant for AIN/GaN
QDs. By contrast, as Rc moves from 0.5 nm to 3 nm, an
increase Ep is observed for negative trion inside GaN/AIN
QDs. One can also notice that both nanocrystals present a
large trionic binding energy up to 650 meV in AIN/GaN QDs
and 425 meV in GaN/AIN QDs, which literally make these
systems highly attractive for application in optic and
optoelectronic devices. Furthermore, we can see that the
shrinking of the shell material increases the negative trion
binding energy, this might be explained by increasing the
localization of charge -carriers ground state inside the
understudied QD. Finally, one can say that the change of the
nanodot size affects the localization of electrons and holes
and consequently the stability of negatively charged exciton
is affected. In other words, and based on the fact that quasi-

particles with the highest binding energy are the more stable,
there is a remarkable correlation between the overlapping of
single-particle wavefunctions and the stability of negative
trions. At this point, we would like to highlight that the
qualitative behavior of the trionic binding energy inside
AIN/GaN QDs is in perfect accordance with the experimental
one obtained by Ayari et al. [43] of negative trion in laterally
finite 2D semiconductors. Further, our results show a very
enhanced negative trion binding energy with the advantage of
a double control of Es, either by changing Rc or/and t«.
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Figure 4: Hole energy as a function of the core radius for various

shell thickness values t=1.2 nm, 1.3 nm, and 1.4 nm. In (a), the

results are for GaN/AIN type-I core/shell quantum dot, whereas

in (b) are for AIN/GaN reversed type-| core/shell quantum dot.
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Figure 5: Negative trion binding energy as a function of the core
radius for various shell thickness values tk=1.2 nm, 1.3 nm, and
1.4 nm. In (a), the results are for GaN/AIN type-l core/shell
quantum dot, whereas in (b) are for AIN/GaN reversed type-I
core/shell quantum dot.
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Conclusion

To sum up, the current study consists on a
theoretical study of the energy behavior of electrons, holes,
and negatively charged exciton confined inside nitride-based
core/shell heteronanodots. Using a variational analysis, the
total energy of negative trions is estimated, while single-
particle energy is computed from a transcendental energy
equation obtained by applying the continuity of charge
carriers wavefunctions and their probability current at the
core-to-shell contact surface. Our theoretical approach
reveals a great correlation between the confined negative
trion binding energy and the spatial parameters of the
understudied quantum dots. It was also established that the
nature of the core-to-shell energy band mismatch obviously
affects the quantitative and the qualitative behavior of
negetive trion binding energy. Furthermore, we achieved to
the fact that varying the core/shell nanodot size leads us to
modulate the trionic binding energy in a range extending
from ~220 meV to 425 meV for GaN/AIN QDs. While for
AIN/GaN QDs, the trionic binding energy can be tuned from
~245 meV to 650 meV. It is worth noting that all our data
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