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Abstract

We present a theoretical study of the electronic and excitonic states in InAs/GaAsSb quantum
dots. We first center our study on the dependence of the antimony composition in the positioning of
conduction- and valence- band alignments in InAs/GaAsSb/GaAs heterostructures. We predict a
transition from type I to type II quantum dots at critical composition z. = 0.128, which describes
well the experimental trend. We discuss the influence of the quantum dot size and antimony
composition on the spatial distributions of carriers and the exciton binding energy. We find that
the ground state exciton binding energy is always significantly smaller (~ 4 meV) for type II than
for corresponding type I quantum dots (~ 14 meV). Finally, we also predict the excitonic radiative
lifetime and find 1 ns for type I and 10 ns for type II quantum dots, in agreement with the existing

experimental literature.
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I. INTRODUCTION

Quantum dots (QDs) with a type II band line-up have been the object of intensive
research due to their potential applications in different domain as the quantum technology
and optoelectronic field. Separating electron or hole outside the nanostructure makes type
IT QD a good candidate to realize the QDs memories [1, 2], QD solar cells in near-infrared
spectral range [3] and optoelectronic devices including lasers [4]. In parallel, several studies
have been carried out in order to realize the intermediate band solar cell structures (IBSCs).
The IBSC was suggested to increase the performance of existing solar cell technologies by
using several types of QD/matrix system [5-9]. In this context, the InAs/GaAs;_,Sb, QDs
are one of promising candidate to elaborate the IBSC since the use of GaAsSb as a buffer
layers enhances the QDs properties leading to uniform and isotropic nanostructure [10].
Controlling the Sb composition in the type II InAs/GaAsSb QDs is another crucial factor
to elaborate highly tunable and emissive IBSC.

In type II InAs/GaAsSb QDs, the electron is confined inside the InAs dot hence acting
as the barriers for the hole which remains in the layers GaAsSb. Comprehending the elec-
tronic properties of semiconductor (SC) alloys is a crucial step in modeling and engineering
devices. It is also essential for understanding the physics underlying such heterostructures.
Few studies were focused on the crossover from type I to type II band line-up of InAs QDs
by varying the Sb composition in the GaAs;_,Sb, matri while theoretical investigations are
still required. Evidence of type I-type II transition have been observed in InAs/GaAs;_,Sbh,
QDs. The critical composition is not well established, even though it serves as a key tool
for optimizing InAs/GaAsSb quantum dots (QDs) to make them more suitable for photo-
voltaic applications. Theoretical calculations [11] predict a type II band alignment when
the Sb composition exceeds ~ 12% which can be compared to other reported experimen-
tal values [10, 12, 13]. Experimental evidences for a type I-type II transition, occurred at
x = 13%, have been obtained by using precise optical tools such as power-dependent pho-
toluminescence (PL) and time-resolved photoluminescence (TRPL) measurements. Once
again, experimental results [14] have also supported this assertion by showing a significant
decrease of the carrier lifetime highlighting the modification from type I to type II band
alignment. Moreover, while other studies predicted such transition occurs between 10% and

14% [16, 17], in parallel Ban et al [18] reported that the passage from type I to type II
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band line-up occurs for an Sb composition ranging from 13% to 15%. For the sake of sim-
plicity, many publications employ linear interpolations or extrapolations. Nevertheless, this
procedure is too coarse to produce satisfactory results and is at times not recommended.
Consequently, high-quality predictions of the band parameters of these alloys is required
due to their significant dependence on the alloying composition parameter x. Furthermore,
any dependable theoretical computation to the electronic properties of the heterostructure
necessitates a realistic description of the strained bulk SC.

In this paper, we propose to investigate the band alignment transition from type I-type 11
in InAs QDs in view of strain effects as well as antimony composition in GaAs;_,Sb, matrix.
In the framework of the effective mass approximation, we calculated the electron and hole
energy levels, and binding energy while taking into account the Coulomb interaction.

In the present theoretical approach to excitonic structure, the full configuration interac-
tion (CI) is not considered for excitons; in type I, the excited states are highly energetic, and
in type II, electrons and holes are localized in different areas, reducing overlap and Coulomb
coupling. Both effects significantly reduce the CI contribution. As a result, we have limited
our calculations to the direct electron-hole Coulomb interaction.

The paper is organized as follows. In Section 2, we will discuss the influence of Sb compo-
sition on the band line-up of the InAs/GaAsSb/GaAs heterostructure, and thereby deduce
an accurate and adapted band parameters useful for InAs/GaAsSb QDs modelization. Sec-
tion 3 is divided in two parts. In part 3.1, we will describe our theoretical model which
includes the QD shape modelling and the calculation of the excitonic transition energy and
the radiative exciton lifetime. The predicted results are presented in part 3.2 and we will
compare PLL and TRPL experimental data to theoretical predictions. Finally, conclusions

are given in section 4.

II. BAND PARAMETERS IN STRAINED CONSTITUENT MATERIALS
A. Calculation procedure

We propose to calculate the InAs/GaAs;_,Sb,/GaAs band line-up by using the total
Hamiltonian H = Hyp + Hs, where Hyp is the 40-band k.p Hamiltonian [19, 20] and Hg
is the strain Bir-Pikus Hamiltonian [21]. The 40-band k.p formalism was introduced by



following the approach described in Refs. [20], while incorporating the widely recognized
Bir-Pikus correction for strained. The comprehension of accommodating lattice mismatch
strain effect becomes crucial when attempting to realize QDs with a substantial number of
layers in a barrier matrix. Bremner et al experimentaly investigated the stress relaxation on
an ensemble of InAs/GaSbAs QDs [22]. Results from transmission electron microscopy and
X-ray diffraction indicate that the onset of relaxation in the GaAsSb layers occurs when the
Sb content is approximately 15%. Therefore, we are considering the interface InAs/GaAs
for contents below 15% due to the fact that the relaxation in GaAsSb layers is zero. In
the following, we have considered two interfaces, namely GaAsSb/GaAs and InAs/GaAs,
denoted by (1) and (2), respectively. The superscript U(S) means the unstrained (strained)
case.

Using the potential theory’s formalism [23], the strain-induced shifts for CB and VB are

given by:
0Ec = aceg = 2a, (1 — @) € (1)
Cn
5EHHZGUEH—bv€B:—(Pe+Q€) (2)
0By = —Po+1(Qc— A+ /ATH3AQ. +9Q?) (3)

where A denoted the spin-orbit coupling, A = |Er, — Er,|. P. and Q. are defined as:
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In these expressions a. and a, represent the hydrostatic deformation potential for the
CB and VB, respectively, and b, is the shear deformation potential. C; and (45 are the
elastic stiffness constants. ey = €, + €,y + €., and ep = €, — ¢ denote the hydrostatic
and biaxial strain, respectively. The in-plane strain is calculated directly following the basic
relationship:
apg — a

€| = €z = Cyy = a



where a¢ and a are the lattice constants of the barrier material and the strained material,

respectively. Along the growth direction, the strain can be expressed as:

€] =€y, = —2——

Taking into account the strain effects, the confinement potentials for an electron and a

heavy-hole (HH) are given by:

AESYS = A 4 6ESY (a=10r2) (5)
AESS = A D) 4 B (6)
in which:
AEP'Y = QV(E,(GaAsSb) — E,(GaAs)) (B=CorV) (7)
AEP'Y) = QP(B,(InAs) — Ey(GaAs)) (8)

where Q¢ and Qy = (1 — Q¢) are CB and VB offset constant, respectively.

As quoted in Ref. [24], there is no clear consensus on the type of the band alignment in
GAsSb/GaAs system. The CB and VB offsets depend not only on the materials constituting
the nanostructure but also on the impact of the lattice-mismatch at the interface. Table I

summarizes the numerical parameters used to calculate the band line-up.

GaAs GaShb InAs

a (A)  5.65+3.88 1075(T —300)  6.09+4.72 1075(T — 300)  6.06+2.74 10~>(T — 300)
(

E, (eV) 1.52 0.81 0.42
ac (eV) 717 -7.50 -5.08
ay (V) 1.16 0.80 1
by (eV) -2.00 -2.00 -1.80
Cy1 (MPa) 1.22 0.88 0.83
Ci2 (M Pa) 0.57 0.40 0.45

TABLE I: The band parameters of constituent materials used to calculate the conduction-band and

valence-band offsets. The band parameters are taken from Ref. [25].



The bandgap of unstrained GaAs;_,Sb, alloy (Eg ) has a quadratic dependence on Sb
composition. One commonly uses the following empirical expression at 7' = 300 K provided

by Ref .[26].

E! (eV) = 1.519 — 1.909z + 1.22°

Several earlier works [27, 28] have reported contradictory results on the GaAsSb/GaAs
type-II band alignment mainly due to the wide range of values for VB offsets constant
Qg/l) used in the literature. In particular, Ji et al [29] and Peter [30] have pointed large
values, ranging from 1.7 to 2.1, while, Prins et al [26] have predicted a weak band alignment
using QS) < 1. The overestimation of high Q%}) values can be attributed to the excessive
appraisal of both the unstrained band gap and hydrostatic deformation potential. Indeed,
the scatter in () obtained is closely dependent on the exact determination of £,. Therefore,
a value of )y, approximately 0.90 [31], would be needed to obtain a good agreement between
the computed transition energies and most of the experimentally measured values in the
literature [32, 33]. This value is marginally lower than the experimental value reported in

Ref [27], which suggests Qi/l) = 1.05.

B. Band alignment transition

Fig. 1(a) schematically illustrates the CB offset (0 E¢) and the VB offsets (6 Egy, ELy)
(HH, LH denote the heavy-hole and the light-hole, respectively) for the GaAs;_,Sb,/GaAs
heterostructures as a function of the Sb composition. Clearly, we can deduce the energy Eﬁ
(¢ = U or S)decreases when the Sb composition, x, increases. However, all other quan-
tities 0 B¢, Fyy and dEpy increase with increasing Sb composition. In Fig. 1(b), the
band alignments for the InAs/GaAs system is shown for both cases, InAs strained and un-
strained. The band offset of hole has been taken AE‘(/Q M) — 85meV as given in Ref [34].
Descriptions of such band offset are widely scattered throughout the literature, while only
some of them which predicted a common values [35]. The strain is taken into account in
our calculation via the hydrostatic and the biaxial components (eg = 7.7%, g = 12.3%)
as outlined by Lazarenkova et al [36]. They considered inclusion of the anharmonic-
ity in strained InAs/GaAs systems results in a less intense compressive hydrostatic com-

pared to the commonly employed quasiharmonic approximation. This leads to an enhance-
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FIG. 1: (a) Evolution of conduction- and valence-band alignments as a function of Sb composition,
for GaAsi_5Sby,/GaAs heterostructure. (b) Estimated conduction- and valence- band alignments

deduced from our calculations for InAs/GaAs heterostructure. All energies are given in meV.

ment in the agreement between the computed electron band offset and experimental val-
ues. Thus, the band edges of CB and VB obtained under the considered strain effect are
5E((J2 ) = 395 meV and 5E1%)q = 144 meV , respectively. We can deduce the corresponding
CB offset AE(C2 1) = 620 meV, which is in good agreement with published values given in
Refs [37, 38|, where the authors predict a value around 690 meV.
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FIG. 2: (a) Valence band offsets as a function of Sb molar fraction, z, for GaAsi_;Sb,/GaAs
interfaces (AE‘(})) and InAs/GaAs interfaces (AE‘(E)). The superscripts U and S denoted the
unstrained and strained case, respectively. The vertical lines represent the critical Sb molar com-
position for the crossover between AE‘(,l ) and AE‘(,2 ). The arrow indicates the transition point. (b)
Schematic band diagram of type I and type II transition for InAs/GaAsy—_,Sby/GaAs heterostruc-

ture.

The impact of strain on VB offsets is illustrated in Fig. 2(a), showing the calculated HH
band offsets for GaAsSb/GaAs (AE"(,1 )) and InAs/GaAs (AE"(/2 )) both in the unstrained and

strained cases.



Since the fact that interface (2) is independent of the Sb composition AE‘(E) remains
constant for the both cases, while, AE‘(/1 ) is strongly modified by the increase of Sb. We can
see that, increasing Sb has a strong impact on the type of the band line-up. When AE‘(/1 )
reaches the AE‘(/Q ) value, AE‘(/1 ) = AE‘(/Z ), the antimony composition achived its critical value
indicating a band alignment transition from type I to type II configuration has occurred.
This assertion will be discussed and confirmed hereafter. It could be seen that the critical
point z¢ occurs at z% = 0.05 for the unstrained case, and at z2 = 0.128 in the strained
case. To clarify the different optical properties of the investigated structures, a type I/ type

IT schematic band line-up are represented in Fig 2 (b).

III. EXCITON AND OPTICAL PROPERTIES

In this section, we will check the accuracy of our approach by comparing the theoretical

results with experimental data. We first calculated the carrier wave function (WF) distrib-
ution of ground state and its localization inside the QD. Second, we evaluated the binding
energies to determine the excitonic transition energy, and to understand in more detail the
effect of the type-I to type-II transition in the InAs/GaAs; _,Sb, system. Finally, the carrier

lifetimes has been evaluated, and compared to available experimental data.

A. Theoretical model
1. Shape modeling

We start by modeling the QD shape, adopting a realistic representation of its form. A
scheme describing the QD shape and their corresponding parameters is given in Fig. 3.
The QD shape has been theoretically modeled considering similar initial conditions used
in experimental growth procedure proposed by Debnath et al [14]. From Atomic Force
Microscopy (AFM) images capturing an uncapped InAs QD layer, they scrutinized the
surface morphology and dot size. They considered the dots to have a lens-shaped structure
with a 0.26 aspect ratio (height/base diameter ratio), while keeping the dot radius fixed at
R = 7.5 nm. Subsequently, we calculate the single carrier energy levels, F, (v =e or h),

and their correspondant WFs, W, (r,) by combining the realistic description of the QD
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FIG. 3: Schematic model for the lens shape QD structure, R denotes the QD radius, h represents

the QD height and d stands for the wetting layer thickness.

shape and the BenDaniel-Duke model [39]. We solve the single-particle Schrodinger equation
H2Y,(r,) = EN,(r,), where H, =T, +V,, H, is the single-particle Hamiltonian, 7, is the
kinetic energy operator of the particle v, and V, is the confinement potential describing the

offset between the well material/ barrier material.

2. Coulomb interaction

Having determined (E,,¥,(r,)), we now turn to calculate the electron-hole Coulomb
interaction in both cases, i.e., when considering type-I or type-II QDs.

a. Type-I QD: In this case, the localizing potential for each carrier is usually much
larger than the Coulombic interaction ei(h), since, the electron and hole are confined within

the dot. Consequently, in the strong confinement regime, the exciton binding energy ‘/;%h)‘

can be treated using the perturbative approach. With well-defined distributions of electrons

and holes, the direct Coulomb integral can be expressed by the following expression:

. e |0 (r0)|” [ (xn)
Ve _47rsosr/

e(h) — |re — rh|

‘ 2

d*r.d’r), 9)
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where ¢, is the dielectric constant inside the QD material, namely InAs in our system.
Yl (r.) and @/}fl (r,) are the electron and hole envelope WFs in the ith and jth energy state,
respectively.

The ground state excitonic energy of type I QDs, E,EQJ, can be expressed as follows:

exrc

ED) = E] + E§+ E) — |V (10)

where E;q is the bulk band-gap energy of strained InAs. The ground state energies of the
electron, ES, and the hole, E!, are calculated with respect to the bottom of CB for E§ and
the top of VB for E}.

b. Type-II QD: Due to a situation where the electron and the hole are spatially
separated in a type II QD, the treatment and the evaluation of the direct electron-hole
interaction in type-II configuration is different from the case corresponding to type I QD. In
type II configuration, the hole being localizated outside the QD, their environment is quite
different than the electrons which are confined inside the dot. Hence, the electron remains
unaffected by the Coulombic interaction, which is two orders of magnitude smaller than
the confined potential of the electrons. As for the hole, it experiences both the attractive
Coulomb (Vi) due to the confined electrons and the repulsive potential of the dot (V7),
arising from the VB effective barrier. The substantial alteration of the WFs of the carriers
outside the QD requires a self-consistent approach for calculating the Coulomb interaction.
We follow the procedure detailed in Ref [40] for self-consistent calculations in type II QDs
AllnAs/AlGaAs. Indeed, we initiate the calculation of the electron’s WF (wg) within the
effective mass approximation, disregarding the Coulomb interaction between the electron
and the hole. Subsequent step, we will calculate the WF of the hole (¢2) by accounting
for the contribution of the entire potential V = (Vi + V;). Note that only the free hole
undergoes the Coulomb potential which is given by:

e? |o(re)|

Vo= —
© Arege, ) |re — 1y

d’r, (11)

Finally, the ground-state excitonic energy in type- IT QD, Eéﬁ), can be calculated using

the following expression:

E(II) — EB — (AE(C?)7(S) + AE‘(/?)»(S)) + ES _ g(/)l (12)

exc g
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where Ef is the barrier band-gap energy, namely GaAsSb barrier material, £ is the hole
ground-state energy obtained by adopting the self-consistent method which takes into ac-
count the spatial separation between carriers, and AEg )’(S), AE‘(/2 ) can be calculated

following the Eq. (5) and (6), respectively.

3. Radiative exciton lifetime

The probability of the radiative recombination is inversely proportional to the time of
the radiative recombination, and it is straightforward related to the QDs absorption cross
section. It is thus a fundamental parameter for characterizing and designing optoelectronic
applications. The time of the radiative recombination in InAs/GaAsSb QDs can be obtained
by using the following expression [41]:

1 4e’nE. .
Trad ~ 3MEc3h2me

=Y I0lep )P

where n is the refractive index of the surrounding medium, F.,., is the energy of the exciton
optical transition, my is the free-electron mass, ¢ is the light speed in the vaccum; |0) denoted

the vaccum state and | X') the exciton state, and e represents light polarization vector. Using

the following relationship: 3"_[(0]e.p |X)|* = K1—1;2 , we finally get
1 1 4nB.,.EK

Trad ~ 1379 himgc?

(13)

where Ep is the Kane energy defined as Ep = %, P being the interband momentum matrix
element, and K is the square of the overlap integral.

We distinguish two exciton regimes to calculate E.,. and K. The first regime corresponds
to the type I configuration and we adopt the procedure described in subsection 2-a. The

second regime describes the type II configuration (see subsection 2-b.).

B. Numerical results and discussions

We will first inspect the WF and for this purpose, the probability densities of the electron
ground-state WF, |W.|?, are shown in Fig. 4(a). It can be clearly noticed that the electron
is well-localized inside the QD and it is almost uniformly distributed for x = 0.07 (type I
QD) and for x = 0.14 (type II QD). The contour maps depicted in Fig. 4(b) also indicate

12
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FIG. 4: (a) Electron probability densities of InAs/GaAsp93Sbo.o7 type I and InAs/GaAsos6Sbo.14
type II QDs with R = 7.5 nm, and their contour map. (b) FElectron contour maps for
InAs/GaAs1_5Sby QDs with different Sb compositions ( x = 0.07, x = 0.14)

that the electron probability density maxima are minimally influenced by changes in the
Sb composition. This implies that the electron WF remains unaffected by variations in the
parameter xgy.

The evolution of ground state hole probability density is depicted in Fig. 5(a). For
x = 0.07, the holes are predominantly found in the InAs QD, while they are located outside
the dot for = 0.14. It should be pointed that for x = 0.07, electrons and holes are well
localized inside the dot and |¥,|? is more extended than |¥,|?, indicating that the electrons
are more confined in the type I QD than the holes. This behavior is mainly attributed to
the difference between the effective masses of the two carriers. Fig. 5(b) shows the contour
map for the hole WF of QDs for different Sb compositions. With increasing x, the hole WF
is localized in the barrier and close to the QD base. Hence, the WF maximum localization

is concentrated above and below the dot, and the |\Ifh\2 peak shifts gradually further away
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FIG. 5: (a) Hole probability densities of InAs/GaAsg.93Sbg.o7 type I QD and InAs/GaAsy.g65b0.14
type II QD with R = 7.5 nm. (b) Hole contour maps for InAs/GaAs1_,Sb, QDs with different Sb

molar fractions.

from the QD. It can be seen that the probability of finding the hole around the lateral walls
of the dot is usually slightly small. This means that holes are expelled from the InAs QD
and eventually become localized in the GaAs;_,Sb, layer. Consequently, the hole WF does
not form a ring around the dot indicating that InAs/GaAs;_,Sb, interface has switched in
a type II configuration. In particular, for x = 0.128 the maximum of the distribution of
the hole WF is split in two parts located outside the dot. This clearly indicates that holes
escape to the GaAsSb layer and zo = 0.128 can be defined as a critical point for which the
type I - type II transition is likely taking place. The critical Sb composition predicted here

14
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nm.

agrees very well with the experimental value given in Ref [14] and it is in line with other
experimental values [10, 13]. It is clear that the gradual evolution from type I configuration
to type 1I one is closely related to the modification of VB offset due to the increase of
antimony atoms in GaAsSb layers, as previously reported in Fig. 2.

After predicting the critical Sb composition for type I-type II transition, we now inves-

15



tigate the exciton properties and their dependence with the Sb composition and QDs size.
For this purpose, we have estimated the exciton binding energy of the ground state for both
configurations ( I and II). Fig. 6(a) displays the binding energy calculated using Eq. (9)
plotted against R, with x values of 0, 0.07, and 0.12. For the same size of QD, the maxima
is weaker when the antimony composition is higher, this can be attributed to the decrease of
the electron-hole WF overlap. As the QD radius increases from R =5 nm to R = 15 nm.,
the exciton binding energy increases rapidly until it peaks at approximately 14 meV around
Ruax >~ 7.5 nm. Subsequently, it slowly decreases for larger radii. This increase in binding
energy is attributed to confinement effects, the greater the confinement of carriers the closer
they are positioned to each other. For R < R,,.x, the reduction in binding energy associated
with the decrease in in R can be ascribed to the prolongation of the WFs outside the dot,
signifying that the extension of the carriers’ WF's starts to spill over into the barrier material.
Beyond Ry.x, the binding energy decreases as the QD radius increases. Indeed, the spatial
overlap in the charge carriers WF's becomes weaker as the size QD becomes larger, resulting
in a significant decreasing the Coulomb interaction. This effect is strongly enhanced by the
increase of WF's extension. The competition between both of these effects decreases the
Coulomb electron-hole interaction, thereby reducing the confinement of carriers within the
dot. This can be understood by a contest between the spatial confinement potential of the
barrier material and the kinetic contribution of the carriers. We can state that our results
of the present work are consistent with previous studies [40, 42] where the same dependence
of the binding energy with respect to the QD size is observed. On the other hand, for
the same size of QD, the binding energy value is weaker when the antimony composition
is higher. Indeed, the attenuation of the peak maxima with increasing Sb composition is
primarily attributed to the disparity in the spreading of the two carriers’ WFs. In fact,
as we approach the critical composition, the hole wavefunction tends to propagate further
towards the barrier material, thus resulting in a decrease in the electron-hole WF' overlap.
Figure. 6(b), displays the dependence of the ground state binding energy as a function
of the Sb composition, x, for various QD radii R = 6, 7.5 and 9 nm. The binding energy
is decreasing with increasing the Sb composition, the decrease is about 10 meV. This arises
due to the spatial separation of charge carriers in type II systems, and more precisely the
spreading disparity of the WF electron and holes. Such depression is also observed in

AllnAs/AlGaAs QDs (see Fig. 5 in Ref. [40]). In the previous study [43], the exciton
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binding energy was estimated between 26 meV at z = 0.1 (type I QD) and 12meV at
x = 0.22 (type II QD) within a similar system. This system was based on the eight-band
k-p theory and adopted a pyramidal shape of the dot. In return, our numerical results predict
values between 14 meV for a type I QD and 4 meV for a type II QD. This slight discrepancy
has been attributed to the geometric design and size of the QDs which are different in both
approaches.

Another significant parameter to evaluate the transition position is the ground state ex-
citonic energy, F.,., estimated here by Eq. (10) (Eq. (12) ) in type-I (type-1I) configuration
and shown in Fig. 7(a). On one hand, the FE.,. energy shows a weak dependence on the
antimony composition for x < 0.12 and x > 0.13. On the other hand, E.,. is more sensitive
to x and drops rapidly when 0.12 < x < 0.13, indicating that a modification of the configu-
ration (from type I to type II) occurs within this range of Sb composition. We also compare
(see Fig. 7(a)) measured exciton transition energy for three different QD series [14, 44, 45]
with theoretical values for calculated by means of Egs. (10 and 12). In type I QDs, i.e.
when = < x¢, the data of Refs [14, 44] are close to the present theoretical predictions, where
the small difference between the experiment and simulation are mainly attributed to the
changed size for different QDs. For the type II configuration, we note that our values (Eéi?)
are quite similar to the ones suggested by Ref. [45]. However, one observes a experimental
overestimation of F.,. given by Refs. [14, 44] compared to the reference [45]. We observe
that the exciton transition obtained experimentally exhibits a slight dispersion that is never
larger than 150 meV. This dispersion may have originated from the growth procedures used
by different authors to obtain the final alloy and/or from the methods used to experimen-
tally determine this physical quantity. The differences between theoretical and experimental
outcomes may stem from factors not accounted for in our method. These factors, discussed
in the literature, include size effects, shape fluctuations, and their implications for quantum
confinement, etc

Kane energy is determined by adjusting the band structure and parameters to match
those proposed in the literature. The inset in Fig. 6(b) shows the calculated values of the
Kane energy as a function of x. A good understanding of these parameters is essential to
optimize and control the optical properties, such as the radiative recombination, of these
nanostructure. Thus, the evolution of the radiative lifetime 7,,4 as a function of Sb com-

position in InAs/GaAsSb QDs was addressed. In Fig. 6(b), we compare the estimated 7,44

17



; 1.3 - ‘ ' ‘ - Thmrel;cil 1
[+1] + Ref, [45]
ol # Ref. [44]
E b1 “ Ref. [14]
o 1.2}

c o — -

W

c w

o * K
= 1.1 *
N

L

S 1.0} *

S * &
L 0.06 0.08 0.10 0.12 0.14

Sb molar fraction, x
(b)

14— : -
o 218 " — Tﬁmnﬂnl
— o . Ref, [14]
E 12' E.i‘hlr 3 y 2 Ref, [46] * r
— 8 + Ref.[18] | #
(1 .."] | E .2 . 4 t Ref, [44] ]
£ e .
T: B ._,‘:" ' o]
E [ 000 004 008 612 )
p—i 5b molar fraction, x
m E " -
-I-E
& 4f " * .
L")
g 2| P
*
w *

000 004 008 012 0.6
Sb molar fraction, x

FIG. 7: a) Calculated (red curve) and measured excitonic transition energy of the ground
state as a function of the Sb composition, x. (b) Calculated (red curve) and mea-
sured carrier lifetime, Trqq, of InAs/GaAsi_Sb, QDs with different Sb compositions
(x=0.0, z=0.07, 2 = 0.13, x = 0.14). The inset in (b) shows the Kane energy as a function
of the Sb composition.
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with the experimental results [14, 18, 44]. Our calculations predict a lifetime of about 1ns
for type I QDs, this value increases from 4 to 8 ns for type IT QDs. It can be seen that
our theoretical results show good agreement with the reported experimental data [14, 18].
We note that our values are close to other experimental results have been obtained for an
InAs/GaAs/GaAsSb QD system [44], but are shorter than the ones evaluated in Ref. [46].
However, the calculated 7,,4 much lower than the previously reported values: 24-29 ns for
the 16%-21% Sb [47], 65 ns for 22% Sb [48], and 10-20 ns for 16% Sb [49]. This variation
may stem from the experimental uncertainties to measure this physical quantity in similar
systems. It can be clearly noticed that the increase of 7,,4 is attributed to the strong de-
localisation of hole, as x increases, which causes the reduce of overlap of electron and hole
wave functions. For a type-II system, the spatial separation of the electrons and holes in
InAs/GaAsSb QDs induces in a much longer lifetime, since, 7,.4 is inversely proportional
to the square of the overlap integral Eq (19). Finally, it can be clearly observed from the
current results that carrier lifetime of a type Il structure is much longer than that of type I
structure which has a greater WF overlapping because the electrons and holes are spatially

localized.

IV. CONCLUSION

We have investigated the crossover from type I to type II band line-up of InAs QDs by
varying the Sb molar composition in GaAs; ,Sb, matrix. We found that the electronic
structure depends sensitively on the details of QD sructure, and type I - type II transition
takes place as the Sb concentration, x, approaches the critical point x. = 0.128. The molar
dependence of confined state energy levels and electron/hole WF, and the size dependence
of the binding energy have been calculated. The significant depression of the binding energy
indicates a type II band alignment for QD structures with > z¢. The relevance of
our approach has been demonstrated by comparing them with the available experimental
results. We found that theoretical calculations of optical transition energies have shown
a good agreement with experimental findings for type II QDs, while small discrepancies
were observed for the type I QDs. Our approach reveals that the calculation of the carrier
lifetime ranging from 1 to 10 ns, when the optical transitions changes from direct to indirect.

The trend of increasing lifetime with increasing = has been in quantitative agreement with
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available experimental data.
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