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The exciton binding energy with geometrical conﬁnement and a phosphorous alloy content
in a cylindrical GaAs1−x Px /GaAs0.6 P0.4 (x ≤ 0.3) strained quantum dot is investigated. The
band oﬀset is calculated using model solid theory. The strained GaAs1−x Px /GaAs0.6 P0.4
quantum dot has the strong built-in electric ﬁeld due to the spontaneous and piezoelectric
polarizations. Numerical calculations are performed using a variational procedure within
the single band eﬀective mass approximation with the magnetic ﬁeld. The magnetic ﬁeld
induced interband emission energy of the strained GaAsP quantum dot is investigated for
various phosphorous alloy contents. The exciton oscillator strength and the exciton lifetime
for radiative recombination as a function of the dot radius with the eﬀect of the magnetic
ﬁeld strength and the phosphorus concentration are computed.
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I. INTRODUCTION
Group III-V semiconducting heterostructures are quite interesting as they ﬁnd some
potential applications in fabricating optical devices, such as optical switches and phase modulators [1]. Guided wave switching can be modulated when there is a change in some nonlinear optical properties, such as the absorption coeﬃcients and refractive index changes [2].
These non-linear optical properties are important for laser design using GaAs compound
semiconductors [3, 4]. Compressive and tensile strain occurs, leading to a change of the
energy-band structure of the semiconductor layers in the heterostructures [5, 6]. Large
non-linear optical properties can be achieved due to the strain-induced internal electric
ﬁeld with piezoelectrical semiconducting materials [7].
The energy levels in these heterostructures not only depend on the composition of the
barrier and dot size but also on the lattice constants of the dot and barrier material. Eventually, this will aﬀect the valence and conduction bands. It is well known that a typical III-V
semiconductor such as GaAs experiences a compressive strain, whereas AsGaP experiences
∗
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tensile strain [8], and this property makes a GaAs/AsGaP heterostructure more interesting
for the invention of lasers emitting in the infrared red regions. Energies of the band-toband transitions with the quantum-conﬁnement subbands have been investigated from the
photoreﬂection spectra of the strained short-period GaAs/GaAs0.6 P0.4 superlattice [9]. The
energy-band diagram of GaAs/GaAsP heterostructures has been calculated assuming the
potential jump in the conduction band to be smaller than the potential jump in the valence
band [10]. The PL spectra both for the GaAs/GaAsP strained barrier and strained-well
single quantum well structures were obtained earlier [11, 12]. Tensile-strained GaAsP quantum wells embedded in AlGaAs large optical cavity structures were investigated [13]. The
growth and the related photoluminescence properties of the tensile-strained GaAsP/GaInP
quantum wells have been discussed, and the eﬀects of tensile strain on the optical properties
have been investigated [14]. This tensile strain can be used to modify the energy dispersion of the low dimensional semiconductor band structure in order to improve its optical
characteristics, such as the nonradiative recombination processes [15].
In the present work, we have considered a GaAs1−x Px (x < 0.3) quantum dot embedded on a GaAs0.6 P0.4 barrier. The eﬀect of the magnetic ﬁeld and the phosphorous alloy
content on the exciton binding energy is investigated, taking into account the geometrical
conﬁnement. We have included the strong built-in electric ﬁeld due to the spontaneous
and piezoelectric polarizations in the Hamiltonian. Numerical calculations are performed
using a variational procedure within the single band eﬀective mass approximation with
the magnetic ﬁeld. The eﬀect of the magnetic ﬁeld, the geometrical conﬁnement, and the
phosphorous alloy content on the interband emission energy and the oscillator strength of
a strained GaAs1−x Px /GaAs0.6 P0.4 quantum dot is investigated. In Section II, we brieﬂy
describe the method used in our calculation. And the results and discussion are presented
in Section III. A brief summary is presented in the last section.

II. THEORY AND MODEL
The magnetic ﬁeld induced binding energy of an exciton and thereby some nonlinear optical properties are studied in a cylindrical GaAs1−x Px /GaAs0.6 P0.4 (1 − x ≤
0.4) strained quantum dot incorporating the eﬀect of a piezoelectric ﬁeld. The cylindrical
quantum dot (GaP) is considered with the radius R surrounded with the barrier height
H of a larger band gap energy, GaAs1−x Px . The Hamiltonian of a magneto exciton in
the GaAs1−x Px P/GaAs0.6 P0.4 cylindrical quantum dot consisting of a single electron part
(He ), the single hole part (Hh ), and the Coulomb interaction term between electron-hole
pair, within the eﬀective mass-approximation, is given by


(
)2
∑
⃗
q Aj
e2
1

p⃗j −
± σz µB gj (E)B + V (r) −
± |e| F z,
(1)
Hexc =
2mj (E)
c
ε |r̄|
j=e,h

⃗ is the vector potential, q is the charge (−e for
where p⃗ is the momentum operator, A
electrons and +e for holes), |r̄| = |r̄e − r̄h | denotes the relative distance between the electron
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and the hole, V (r) is the conﬁnement potential of the exciton, F is the eﬀective electric
ﬁeld due to the piezoelectric eﬀect and ε is the dielectric constant of the material inside
the quantum dot, µB is the Bohr magneton, and σ is the spin taken as ±1/2 [17]. The
z-component of the spin has been taken as ±1/2 for simplicity for holes. The parameters
used in our calculations are given in Table I.
TABLE I: Material parameters* used in the calculations.
Parameter

GaAs0.9 P0.1

GaAs0.8 P0.2

GaAs0.7 P0.3

GaAs0.6 P0.4

EgΓ (eV)

1.543

1.666

1.793

1.923

me (m0 )

0.085

0.104

0.122

0.14

∆ (meV)

0.314

0.288

0.262

0.236

ε

12.93

12.72

12.52

12.32

mhh

0.385

0.43

0.475

0.52

mlh

0.097

0.102

0.106

0.111

C11 (GPa)

12.104

12.328

12.552

12.776

C12 (GPa)

5.467

5.554

5.641

5.728

Ev,av (eV)

−6.963

−7.007

−7.05

−7.098

ac (eV)

−7.167

−7.164

−7.161

−7.158

av (eV)

−1.214

−1.268

−1.322

−1.376

ac (eV)

−7.167

−7.164

−7.161

−7.158

γ1

6.575

6.3

6.025

5.75

γ2

1.939

1.778

1.617

1.456

Lattice constant (Å)

5.633

5.613

5.593

5.572

*Ref. [23, 31]

The Hamiltonian of the electron (hole) in cylindrical co-ordinates, in the inﬂuence of
a magnetic ﬁeld, is given by
]
(
[
∑
e2 B 2 ρ2j
1 ∂
ih̄eB ∂
h̄2
∂2
1 ∂2
∂2
+
∓
Hexc = −
+
+
+
2mj (E) ∂ρ2j
ρj ∂ρj
2mj (E)c ∂ϕ 8mj (E)c2
ρ2j ∂φ2 ∂zj2
j=e,h
)
∑
e2
± |e| F z,
(2)
+V (ρj , zj ) ±
σz µB gj (E)B − √
ε ρ2eh + (ze − zh )2
j=e,h
where the subscript j = e, h refers the electron or hole. The electron eﬀective mass m∗e is
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given by
{
m∗e =

m∗I , ρ ≤ R
m∗II , otherwise

(3)

m∗I denotes the electron eﬀective mass of GaAs1−x Px , and m∗II denotes the electron eﬀective
mass of the outer material, GaAs0.6 P0.4 . Since it has a large inﬂuence on the electron
energy levels in a semiconductor quantum dot, especially for the narrow dots, the material
dependent eﬀective mass has been used in this calculation [18].
The energy dependent eﬀective mass is given by
[
]
1 Eg (Eg + ∆)
2
1
1
=
+
,
(4)
m(E)
m(0) (3Eg + 2∆) E + Eg
E + Eg + ∆
where ε is the dielectric constant of GaAs1−x Px , E denotes the electron energy in the
conduction band, m(0) is the conduction band eﬀective mass, Eg and ∆ are the main band
gap and spin-orbit band splitting, respectively, and
[
]
m0
∆
g(E) = 2 1 −
(5)
m(E) 3(Eg + E) + 2∆
is the eﬀective Landé factor of the electron [19]. In Eq. (5), m0 denotes the free electron
mass.
The strain eﬀects will induce an extra potential ﬁeld, Vstrain . For the strained quantum
dot nanostructure, the conﬁnement potential can be written as a sum of energy oﬀsets of
the conduction band (or valence band) and the strain-induced potential.
The electron (hole) conﬁnement potential V (ρj ) due to the band oﬀset in the
GaAs1−x Px /GaAs0.6 P0.4 quantum dot structure is given by
{
0, ρj ≤ R
V (ρj ) =
(6)
V0 , otherwise
where
V0 = Qc ∆EgΓ

(7)

is the barrier height, Qc is the conduction band oﬀset parameter, and the band oﬀset ratio
(∆Ec : ∆Ev ) is assumed to be 80:20 [20]. ∆EgΓ , the band gap diﬀerence between the
quantum dot and the barrier at the Γ-point is given by [21, 22]
∆EgΓ = ∆EgΓ (unstrained) + δEc(v)c ,

(8)

with [23]
∆EgΓ (unstrained)(eV) = 1.424 + 1.174x + 0.186x2 ,

(9)
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δEc = 2ac εxx (C11 − C12 )/C11 ,

(10)

δEv = 2av εxx (C11 − C12 )/C11 + bεxx (C11 + 2C12 )/C11 ,

(11)

and

where ac(v) is the deformation potential constants of the conduction (valence) band, b is
the uniaxial strain; the strain in the layer is given by εxx = a0a−a , where a0 and a are the
lattice parameters of the dot and the barrier, respectively. The strain causes a shift in the
conduction band, resulting in an increase in the band gap of the dot and a decrease in the
band gap of the barrier, the uniaxial strain removes the degeneracy between the heavy hole
and light hole subband energy in the valence band.
The Ve and Vh are calculated using the following expression:
Vc = EcB − EcD ,

(12)

Vh = EvB − EvD ,

(13)

where EcD and EvD are the energies of the conduction and heavy hole bands in the barrier
dot, and EcB and EvB are the energies of the conduction and heavy hole bands in the inner
dot.
The exciton binding energy is reduced when the piezoelectric eﬀect is included, and
the expression of piezo-electric ﬁeld is given by
(
)
2
2C13
2d31
C11 + C12 −
εxx ,
(14)
F =
ε
C33
where d31 is the piezoelectric constant of GaAs1−x Px , ε is the dielectric constant of the
material inside the quantum dot, C11 , C12 , C13 , and C33 are the elastic stiﬀness constants,
and εxx is the in-plane component of the strain tensor, given by
εxx = εyy =

aout − ain
,
ain

(15)

where aout and ain are the lattice constants of the GaAs1−x Px and GaAs0.6 P0.4 material,
respectively.
The sub-band energy is obtained using the wave function as
{
A1 cos(k1 ρ),
ρj ≤ R
ψj =
(16)
B1 exp(−k2 ρ), ρj > R
√
√
2
∗
where k1 =
2m E1 /h̄ , k2 =
2m∗ (V0 − E1 )/h̄2 , and A1 and B1 are normalization
constants. Eq. (16) ﬁxes the values of k1 and k2 for the lowest values of E1 . By matching
the wave functions and their derivatives at the boundaries of the dot and along with the
normalization, we ﬁx all the constants except the variational parameters.
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The heavy-hole and light-hole masses in terms of the Luttinger parameters, γ1 and
γ2 , (Table I) are given by [24]
m0
= γ1 − 2γ2 ,
(17)
m∗hh
m0
= γ1 + 2γ2 ,
m∗lh

(18)

where m0 is the free electron eﬀective mass.
The Schrödinger equation is solved variationally by ﬁnding ⟨H⟩min , and the binding
energy of the exciton in the quantum dot is given by the diﬀerence between the energy with
and without the Coulomb term. First, we concentrate on the calculation of the electronic
structure of the GaAs1−x Px /GaAs0.6 P0.4 quantum dot system by calculating its subband
energy E1 with the inclusion of the magnetic and subsequently the exciton binding energy. And then, by using the density matrix approach within a two-level system approach,
the explicit expressions for the nonlinear optical properties, such as the nonlinear optical
absorption and the changes of refractive index, are computed in the saturation limit. Considering the correlation of the electron-hole relative motion, the trial wave function can be
chosen as
Ψ(r̄e , r̄h ) = ψe (ρe )ψh (ρh ) exp(−γρ2 /4)e−δρ e−βz ,
2

2

(19)

where ψe and ψh are the electron and hole wave function in the quantum dot, respectively,
as given in Eq. (15). The above equation describes the correlation of the electron-hole
relative motion. δ and β are variational parameters responsible for the in-plane correlation
and the correlation of the relative motion in the z-direction, respectively [25]. These two
variational parameters are responsible for the anisotropy of the cylindrical nature of the
quantum dots. And hence, it is believed that this type of Gaussian wave function is a
suitable approximation in a quantum limit region [26].
The ground state energy of the exciton in the GaAs1−x Px /GaAs0.6 P0.4 quantum dot
in the external magnetic ﬁeld, Eexc , is obtained by minimizing the expectation value of Hexc
with respect to the variational parameters using Eq. (15). The ground state energy of the
exciton in the GaAs1−x Px /GaAs0.6 P0.4 quantum dot is calculated by using the following
equation
Eexc = min
γ,δ,β

⟨ψe |Hexc | ψh ⟩
.
⟨ψe |ψh ⟩

(20)

The exciton binding energy in the presence of a magnetic ﬁeld is given by
EB (B) = Ee + Eh + γ − Eexc (B).

(21)

h̄ωc
∗
We deﬁne γ = 2Ry
∗ , where Ry is the eﬀective Rydberg energy and ωc is the cyclotron
frequency, and the magnetic ﬁeld induced interband emission energy Eph (B) associated
with the exciton is calculated using the following equation:

Eph (B) = Ee + Eh + γ + Eg − Eexc (B),

(22)
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where Ee and Eh are the conﬁnement energies of the electron and hole, respectively. Eg is
the band gap energy of the GaAs1−x Px /GaAs0.6 P0.4 quantum dot.
The oscillator strength of the exciton ground state is given by [27]
fexc =

2P 2
|ψ(r̄e − r̄h )dτ |2 ,
m0 (Eexc − E)

(23)

where P is the matrix element, m0 is the bare electron mass, Eexc is the exciton binding
energy, and E is the ground state energy of the electron and hole. The value of P 2 /2m0 is
assumed to 1 eV.

III. RESULTS AND DISCUSSION
Numerical calculations have been carried out to ﬁnd the exciton binding energy, the
interband emission energy, and the oscillator strength in a strained GaAs1−x Px /GaAs0.6 P0.4
quantum dot in the presence of a magnetic ﬁeld for diﬀerent phosphorous content. The
material parameters used are given in Table I. The atomic units have been followed in
the determination of the electronic charges and the wave functions, in which the electronic
charge and Planck’s constant have been assumed as unity. All our calculations of the exciton
binding energy have been carried with the heavy hole mass, as the heavy excitons are more
common in experimental results.
Fig. 1 shows the variation of the magnetic ﬁeld as a function of the measure of the
magnetic ﬁeld for various concentrations of the phosphorous alloy content in a GaAs1−x Px
quantum dot. It is observed that the linear variation of the magnetic ﬁeld as a function
of the measure of the magnetic ﬁeld is found for all the phosphorous content, and this
variation is more dominant when the phosphorous alloy content becomes more and more in
the quantum dot. The following magnetic ﬁeld strength is found for diﬀerent concentrations.
When γ = 1 it is 7.875 T for x = 0.1, 10.75 T for x = 0.2, 14.34 T for x = 0.3, and 18.43 T
for x = 0.4. All the calculations are carried out using the reduced mass and the concentrated
dependent dielectric constants.
Fig. 2 displays the variation of the exciton binding energy as a function of
the dot radius for three diﬀerent concentrations of the phosphorus content in a
GaAs1−x Px /GaAs0.6 P0.4 quantum dot in the absence of magnetic ﬁeld strength, and the insert ﬁgure shows the variation of the exciton binding energy as a function of the dot radius
for diﬀerent magnetic ﬁeld strengths for a constant x in the GaAs0.9 P0.1 /GaAs0.6 P0.4out
quantum dot. In all the cases, the exciton binding energy increases with a decrease of the
dot radius, reaching a maximum value and then decreases when the dot radius decreases
further. The Coulomb interaction between the electron and hole is increased, which ultimately causes a decrease in the binding energy when the dot radius decreases. The binding
energy decreases further as the dot radius approaches zero, since the conﬁnement becomes
negligibly small and in the ﬁnite barrier problem the tunneling becomes huge. Also, the
contribution of conﬁnement is dominant for smaller dot radii, making the electron unbound,
and ultimately it tunnels through the barrier. This is in agreement with the results of other
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FIG. 1: Variation of the magnetic ﬁeld strength as a function of the measure of the magnetic ﬁeld
for various concentrations of P in a GaAs1−x Px quantum dot. When γ = 1 it is 7.875 T for x = 0.1,
10.75 T for x = 0.2, 14.34 T for x = 0.3, and 18.43 T for x = 0.4.

investigators [27, 28]. Moreover, we ﬁnd that the exciton binding energy increases with the
phosphorous alloy content for all the dot radii. That is because the barrier height increases
when the phosphorous concentration is increased in the GaAs1−x Px /GaAs0.6 P0.4 quantum
dot.
This behaviour is observed for all the values of the magnetic ﬁeld. Further, we notice
that the binding energy increases with the magnetic ﬁeld for all the dot radii. This is due
to the extra conﬁnement of the magnetic ﬁeld being raised when the wave functions are
squeezed, and it is observed that the eﬀect of the magnetic ﬁeld will have more inﬂuence on
the bigger dot radius than the smaller ones. Moreover, we notice that the binding energy
is more for smaller dot radii than the larger size, due to the additional spatial conﬁnement
and addition of phosphorus content making the lattice constant of GaAsP smaller than
that of GaAs [14]. A similar trend is observed for all the phosphorus content.
In Fig. 3, we present the variation of shift in the exciton binding energy as a function
of the magnetic ﬁeld strength for three diﬀerent phosphorus contents of an 80 Å radius of
GaAs1−x Px /GaAs0.6 P0.4 quantum dot. In all the cases, a linear variation of the binding
energy with the magnetic ﬁeld is observed, however, this variation in the binding energy
has more inﬂuence for the higher phosphorous concentrations and magnetic ﬁeld. That is
because of the enhancement of the exciton binding energy with an increase of phosphorous
alloy content and the conﬁnement due to the magnetic ﬁeld.
The variation of the interband emission Eph as a function of the dot radius for various

1564

MAGNETIC FIELD INDUCED EXCITON BINDING . . .

22

VOL. 52

GaAs0.9P0.1/GaAs0.6P0.4

28
20
Exciton binding energy (meV)

Exciton binding energy (meV)

26
(3)

24
22

(2)

20
(1)

18
16

18
16
14
12
γ=0.381

10

γ=0.254

8

γ=0.127

6

14

γ=0

1γ = 7.875 T

4
0

200

400
600
Dot radius (Å)

12

800

1000

10
8

(1) - GaAs0.9P0.1/GaAs0.6P0.4

6

(2) - GaAs0.8P0.2/GaAs0.6P0.4
(3) - GaAs0.7P0.3/GaAs0.6P0.4

4
0

200

400

600

800

1000

Dot radius (Å)

FIG. 2: Variation of the exciton binding energy as a function of the dot radius for three diﬀerent concentrations of the phosphorus content in a GaAs1−x Px /GaAs0.6 P0.4 quantum dot in the
absence of magnetic ﬁeld strength; the insert ﬁgure shows the variation of the exciton binding energy as a function of the dot radius for diﬀerent magnetic ﬁeld strengths for a constant x in the
GaAs1−x Px /GaAs0.6 P0.4 quantum dot.

magnetic ﬁeld strengths in a GaAs1−x Px /GaAs0.6 P0.4 quantum dot for x = 0.1 is shown in
Fig. 4, and the insert ﬁgure shows the interband emission energy as a function of the dot
radius for three diﬀerent phosphorus concentrations in the GaAs1−x Px /GaAs0.6 P0.4 quantum dot in the absence of a magnetic ﬁeld. In all the cases, it is observed that the interband
emission energy decreases monotonically as the radius of the dot is increased. This is due
to the conﬁnement of the electron-hole with respect to the in-plane when the dot radius is
increased. This representation clearly brings out the quantum size eﬀect. Moreover, the
interband emission energy increases with the magnetic ﬁeld strength. At present we don’t
have any experimental data to compare to our results. Moreover, the enhancement of the
interband emission energy with the phosphorous alloy content is observed for all the dot
radii. This is due to the increase in the binding energy with the phosphorus alloy content.
In Fig. 5, we present the variation of the oscillator strength as a function of the dot
radius for various magnetic ﬁeld strengths in a GaAs0.9 P0.1 /GaAs0.6 P0.4 quantum dot. It is
observed that the oscillator strength increases with the dot radius. The radiative life time
can be calculated as [29]
2πε0 m0 c3 h2
τ= √ 2 2
,
εe Eexc f

(24)

where f is the oscillator strength, Eexc is the exciton binding energy, and all the other
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FIG. 3: Variation of shift in exciton binding energy as a function of the magnetic ﬁeld strength for
three diﬀerent phosphorus contents of an 80 Å, GaAs1−x Px /GaAs0.6 P0.4 quantum dot.
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FIG. 4: Variation of interband emission Eph as a function of dot radius for various magnetic ﬁeld
strengths in a GaAs1−x Px /GaAs0.6 P0.4 quantum dot for x = 0.1; the insert ﬁgure shows the interband emission energy as a function of the dot radius for three diﬀerent phosphorus concentrations
in the GaAs1−x Px /GaAs0.6 P0.4 quantum dot in the absence of a magnetic ﬁeld.
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parameters are universal physical constants. The envelope function brings out that this
considerably reduces the overlap between their wave-functions and increases the radiative
decay time when the dot radius increases [30]. The dielectric and mass mismatch in the
quantum dot enhance this eﬀect.
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FIG. 5: Variation of oscillator strength as a function of dot radius for various magnetic ﬁeld strengths
in a GaAs0.9 P0.1 /GaAs0.6 P0.4 quantum dot.

In conclusion, the eﬀects of a magnetic ﬁeld, spatial conﬁnement, and the phosphorus alloy content of an exciton conﬁned in a GaAs1−x Px /GaAs0.6 P0.4 quantum dot have
been discussed. Here, we have considered a quantum dot of GaAs1−x Px (x < 0.3) embedded on a GaAs0.6 P0.4 as barrier. In all the calculations, we have included the strong
built-in electric ﬁeld due to the spontaneous and piezoelectric polarizations. Numerical
calculations are performed using a variational procedure within the single band eﬀective
mass approximation by the magnetic ﬁeld strength. The band oﬀset has been computed
using model solid theory. The interband emission energy and the oscillator strength of a
strained GaAs1−x Px /GaAs0.6 P0.4 quantum dot have been investigated in the presence of a
magnetic ﬁeld, the geometrical conﬁnement and the phosphorous alloy content. We hope
that the present investigations would help to guide the future investigations of experimental
works on optical switches, eﬃcient diode lasers, modulation doped high mobility ﬁeld eﬀect
transistors, and the phase modulators based on III-V heterostructures.
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