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1

1 Introduction

Smartphones are a perfect example of how modern technologies influence our daily lives.

Nowadays it is possible to share the information worldwide within a few fractions of a sec-

ond through internet connection. This amazing facility makes our world as small as a village,

and it is not surprising to call the last four decades as the information age associated with the

digital revolution. In addition to the development of optical fibers, the key component of this

revolution is indisputably the manufacturing of semiconductors.

Due to the increasing demands industrially as well as scientifically on new optoelectronic

devices for specific applications, semiconductor materials with desired energy band-gap are

needed. Band gap engineering afforded by the development of the growth techniques allows the

construction of novel semiconductor materials which have their band gaps at custom-designed

energies that meet the requirements for particular applications [1]. In addition to binary com-

pound semiconductors, this opens up numerous possibilities of three-elements (ternary), four-

elements (quaternary), or even five-elements (quinary) semiconductor compounds (or rather

alloys). In principle, these higher-order compositions can be synthesized by alloying various

semiconductors together [2]. Alloying provides the ability to tailor the energy band gap of a

semiconductor through the manipulation of its constituent composition. Furthermore, the abil-

ity to adjust the lattice constant of a semiconductor alloy by changing the composition of an

involved compound enables the development of heterostructures, which is actually the key ele-

ment of the design high performance optoelectronic devices [2, 3, 4].

Among semiconductors, dilute III-V nitride and/or bismide semiconductor alloys have

emerged as a subject of considerable research efforts over the last two decades driven by not

only their unique physical properties but also their great potential for photonic devices [5, 6].

In this thesis, it is focused on two III-V-based compound semiconductor nanostructures:

Ga(NAsP) and Ga(AsBi). In particular, quaternary Ga(NAsP) semiconductor structures are

promising for the fabrication of intermediate band solar cells [7], for infrared laser emis-

sion [8, 9], and, with a tremendous potential, for the realization of monolithic optoelectronic

integrated circuits on silicon substrate (silicon photonics) [5, 9]. On the other hand, ternary

Ga(AsBi) semiconductor structures have been employed for a variety of applications such as

photoconductive terahertz antennas [10], light-emitting diodes (LEDs) [11], and both optically

pumped [12] and electrically injected [13] laser diodes.

In the studied GaAs-based compounds band-gap engineering is achieved by varying the

amount of the incorporated V-element, i.e., nitrogen or bismuth. Despite the advantage of a

shrinking in the band-gap energy, the introduction of a small amount of a V-element, acting

as isoelectronic impurities, to a III-V host structure results in an increase in the disorder po-

tential due to the differences, e.g., in size and electronegativity between the incorporated and
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2 1 Introduction

substituted anions [5, 6]. The presence of disorder effects within a semiconductor can signifi-

cantly influence its electronic structure, i.e., the density of localized states (DOS) is increased.

Disorder-induced localized states drastically affect carrier recombination processes in semicon-

ductors. The changes in carrier dynamics can be revealed by investigating, e.g., electrical and

optical properties of disordered semiconductors [14].

This thesis aims to enrich the understanding of disorder effects on the semiconductor prop-

erties. It gives a qualitative as well as quantitative description to some unusual experimen-

tally observed behaviors related to the carrier localization effects due to the disorder potential

within the semiconductor structure. Such descriptions provide a useful method that can be uni-

tized to characterize the experimental observation from a semiconductor structure. The adverse

disorder-induced effects can be reduced by improving the growth conditions of semiconductor

materials. Consequently, the performance of the optoelectronic devices would be enhanced if

these conditions are specifically optimized.

After this introduction, the thesis is organized as follows. Chapter 2: This chapter gives

an overview of the most important aspects with respect to disorder effects in semiconductors.

Furthermore, a brief review of the radiative recombination mechanisms in semiconductors re-

sulting is presented. The last part of this chapter deals with the band anti-crossing (BAC) model.

This model was developed to explain the peculiar behavior of the composition dependence of

the energy band-gap of dilute III-V nitride and/or bismide semiconductors. Chapter 3: This

chapter gives a description of the experimental setups employed to investigate the semiconduc-

tor nanostructures. Besides, a brief overview of the growth conditions of these structures is

given. Chapter 4: A qualitative explanation of the most prominent photoluminescence char-

acteristics of disordered semiconductors are presented in this chapter. The impact of both, the

excitation intensity and the lattice temperature is also discussed. The last part of this chapter

contains a detailed study on carrier dynamics and localization effects in Ga(AsBi)/GaAs sin-

gle quantum well’s. Chapter 5: Within its first part, this chapter introduces, some theoretical

approaches used for the interpretation of the non-monotonous disorder-induced PL features.

While, in the second part of this chapter, the compositional dependence of the theoretically ex-

tracted energy scales for disorder is discussed for the investigated nanostructures. Chapter 6: A

peculiar feature of the PL thermal quenching is experimentally observed in Ga(AsBi)/GaAs het-

erostructures under relatively low excitation intensities. This chapter provides a well-approved

theoretical analysis used to explore this odd behavior. The presented approach is based on the

suggestion that the density of localized sates consists of, at least, two different components.

Chapter 7: A summary of the thesis is given in this chapter.
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2 Background

2.1 Introduction

In order to provide a reasonable interpretation of an unusual behavior of semiconductors, it

is important to develop a detailed understanding of the underlying physical properties. Since

this thesis tries to give an explanation of some experimental observations of disordered semi-

conductors, an overview of the most important aspects regarding disordered semiconductors is

presented in this chapter.

The chapter is organized as follows. Section 2.21 deals with the origin of disorder in semi-

conductors translated in crystalline defects including impurity, inhomogeneities, dislocations,

grain boundaries, clusters, and so on. The last part of this section shows some examples of the

disorder effects in Ga(NAsP) and Ga(AsBi) semiconductor nanostructures. The second part of

this chapter, Section 2.32, gives a brief review on the origin and types of the luminescence emis-

sion. Besides, recombination mechanisms within semiconductors are presented. Here, radiative

recombination processes resulting in the photoluminescence signal are discussed in detail. The

last part of the chapter, Section 2.4, introduces the band anti-crossing (BAC) theory, which was

developed to interpret the unusual behavior of the composition dependence of the energy band

gap dilute III-V nitrides and/or bismides. A comparison between the experimental results and

the predictions of the BAC theory is also shown for the anti-crossing of the conduction band

and the valence band, respectively.

2.2 Disorder in Semiconductors

From a structural point of view solids, including semiconductors can be classified into three

types; ideal crystalline, real crystal, and purely amorphous. An ideal crystalline semiconductor

has a periodic structure that is based on the chemical properties of its constituent atoms, i.e., all

atoms in the crystal lattice are in equilibrium due to their orderly arrangement. In contrast, the

atoms are more or less statistically distributed in space in a purely amorphous semiconductor.

Here, no long- or even short-range order can be observed. However, a real semiconductor is not

perfect–as an ideal one, but still has a degree of order.

The presence of defects, i.e., a degree of disorder, in a semiconductor influences most of

its properties such as mechanical strength, electrical conductivity, and optical response, and

hence, influences the performance of the semiconductor in applications. The disorder potential

1Section 2.2 is based on Refs. [4, 15]
2Section 2.3 is based on Refs. [16, 17, 18]
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4 2 Background

in a real semiconductor crystal arises from the chemical disorder and displacive disorder. The

chemical disorder is attributed to the disarrangement of the atomic species within the crystal

structure, while the displacive disorder can be presented in a semiconductor due to, e.g., the

existence of voids or vacancies in its crystal structure [19]. Furthermore, a degree of disorder

is also expected for multilayer semiconductor structures, such as quantum wells, resulting from

imperfect interfaces between the constituent layers.

Beside the abovementioned rough classification of defects in real semiconductors, they are

broadly categorized into four groups according to their dimension (D); point defects (0D), line

defects (1D), planer defects (2D), and volume defects (3D).

2.2.1 Point Defects

According to their origin, point defects can be divided in two main categories; intrinsic and

extrinsic.

Intrinsic Point Defects

From a thermodynamic point of view, intrinsic point defects naturally occur in semiconductor

materials without any external action at thermal equilibrium. In particular, for temperatures

above zero-Kelvin, the atoms in a semiconductor do thermal vibrations. When the vibrations

are intense enough a single atom is able to jump to a different location leaving a vacancy
behind, Fig. 2.1(b). This atom can jump to an interstitial position within the crystal lattice;

Frenkel defect, or to the surface of the crystal; Schottky defect. Such defects can increase the

disorder positional of a semiconductor crystal if the lattice temperature is increased.

The presence of vacancies in a crystal can enhance the rate of chemical diffusion. The latter

takes place when an atom of the same or a different type is able to move through the crystal of a

semiconductor over time. Chemical diffusion can also happen in a semiconductor that contains

at least two kinds of atoms. In this case, it is possible for two atoms to exchange positions in

the lattice, forming a new type of intrinsic point defect which is known as anti-site defect.

Extrinsic Point Defects

These kinds of defects are present when at least one foreign atom is embedded within a semi-

conductor crystal. Such process is common in semiconductor physics and known in this case

as doping. The doping is widely employed to modify the electrical as well as optical properties

of a semiconductor. Depending on the location of the embedded atom within the lattice one

defines two kinds of extrinsic point defects:

1. Substitutional impurity; when the embedded atom is placed on a lattice site, replacing

the native atom, Fig. 2.1(d).

2. Interstitial impurity; here, the embedded atom is located at an interstitial lattice site, (e)

and (g) in Fig. 2.1.
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2.2 Disorder in Semiconductors 5

a                               b                          c                      d 

e                  f                              g                            h                        i        

Figure 2.1: Schematic illustration of a crystal lattice with some kinds of defects: (a) incongruous

inclusion (cluster), (b) vacancy, (c) vacancy-type dislocation loop, (d) substitutional

impurity atom (e) interstitial impurity atom, (f) edge dislocation, (g) self-interstitial

atom (h) precipitate of impurity atoms (cluster), and (i) interstitial-type dislocation

loop (taken from [15]).

2.2.2 Line Defects

Line defects are purely geometrical faults and called exclusively dislocations. Dislocation lines

may be straight or follow irregular curves or closed loops. However, dislocations are classified

into two main types. One type is named edge dislocation and it happens when an extra plane of

atoms is inserted into the lattice, resulting in a localized strain to be introduced into the lattice,

Fig. 2.1(f). In contrast, when one side of a crystal is undergone shear stress and displaced by at

least one lattice plane, while the opposite side is held fixed. This type of line defects is known

as screw dislocation. However, several complicated mixed dislocations can be formed when

edge and screw dislocations are both present in a semiconductor structure.

2.2.3 Planar Defects

Planar defects denote to geometrical irregularities in a crystalline lattice which occur across a

planar surface of the crystal. These irregularities are caused either by an internal error in the

crystal structure or by imperfect interfaces between two different semiconductor structures. The

internal planar defects can be divided into
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• Stacking faults take place when a single plane of atoms within the crystalline lattice is

misoriented or out of order.

• Twin boundaries are formed when a stacking fault reorients the rest of the crystal, re-

sulting in a mirror plane within the crystal.

• Grain boundaries can be found in a crystalline lattice when two or more single crystals

of different orientation are get together.

• Interphase boundaries arise when one crystalline material shares an interface with an-

other crystalline material.

For the last case of interphase boundaries, and depending on the properties of each material, the

interface between the constituent lattices can be

• Coherent interphase boundaries are formed when the two lattices have similar geome-

tries. In this case, no defects will be found but a small amount of strain may be introduced

due to the material change.

• Semi-coherent interphase boundaries occur when the two lattices have similar geome-

tries but a larger lattice mismatch. Here, edge dislocations tend to form due to increased

strain within the structure.

• Incoherent interphase boundaries are found in materials with a high degree of disor-

der, i.e., they occur at interfaces of a structure consisted of materials with significantly

different geometries.

In contrast to the internal planar defects, external planar defects refer to surface defects

that are caused by an interaction of the crystal with a gas or liquid environment. Consequently,

the crystal periodicity can be interrupted and bonds can also be broken. Such defects occur at

the crystal’s surface and affect the outermost atomic layers, or surface region.

2.2.4 Volume Defects

This kind of defects is also known as bulk defects and happens when a significant number of

point defects are spatially gathered in a so-called cluster. Clusters of defects appear generally

when a semiconductor crystal is super-saturated with respect to some kind of point defect due to

the excessive increase in the concentrations of this defect. In this case, the crystal can achieve

an equilibrium condition by condensing the excess defects into clusters with different phase

regions.

Clusters of vacancies forming small regions within the semiconductor material, where there

are no atoms, are called voids or bubbles. In contrast, clusters of foreign atoms forming small

regions of different phase are called precipitates, Fig. 2.1(h). The presence of precipitates in

a semiconductor crystal is attributed to the retrograde solubility of native point defects. An-

other mechanism of the foreign particle formation is called inclusion incorporation, Fig. 2.1(a).

Inclusions result from the capture melt-solution droplets from the diffusion boundary layer ad-

jacent to the growing interface. This is enriched by the rejected excess component.
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(a1) (a2)

(a3) (a4)

(b1)

(b2)

Figure 2.2: Atomic positions in Ga(NAs) for (a1) substitutional N, (a2) N–N, (a3) N–As split

interstitials, and (a4 ) (AsGa–NAs)nn complex. Dark and light circles indicate As

and Ga atoms, respectively, where N atoms are labeled (aftre Zhang and Wei [20]).

Atoms distribution within the Ga(AsBi) lattice for (b1) next-nearest-neighbor Bi

pairs and (b2) Bi clusters (after Ciatto et al. [23]).

2.2.5 Disordered III-V Semiconductors

In this sub-section, it is focused on the defects in dilute III-V nitride and/or bismide semicon-

ductor alloys. Several types of N-induced defects in dilute III-V nitride semiconductors have

been reported in the literature. Zhang and Wei have presented some types of N-related point

defects in epitaxial Ga(NAs) alloys [20], which are shown in Fig. 2.2 as follows:

• The substitutional N is formed when an N atom is placed on a lattice site of an As atom,

Fig. 2.2(a1)

• The N-N split interstitial appears when N2 molecule replaces an As atom, Fig. 2.2(a2).

• The N-As split interstitial is assumed as a variation to N-N, Fig. 2.2(a3). Here, the N-As

bond length is longer than the N-N bond length.

• The (AsGa–NAs)nn pair is obtained when the NAs attracts the AsGa, where nn stands

for nearest neighbor, Fig. 2.2(a4). The NAs is associated with compressive strain due to

the small size of N atom, while AsGa is associated with tensile strain due to two extra

electrons in the non-bonding orbital.

• The (VGa–NAs)nn pair with very low binding energy occurs when some Ga atoms are

missed in the lattice structure (VGa: Ga vacancy).

The inhomogeneous N incorporation in Ga(NAsP) results in a degree of disorder, long-range

compositional disorder, and can be revealed, e.g., in the cross-sectional transmission electron

micrograph (TEM) [21]. Fig. 2.3(a) shows a dark field image of a cross-sectional TEM of
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(b1)

(b2)

(a)

Figure 2.3: (a) dark field image of a cross-sectional TEM of Ga(NAsP) layer grown on GaP,

using the strain sensitive (202) reflection (aftre Jandieri et al. [21]). (b1) high res-

olution TEM [010] micrographs of a Ga(NAsP)/GaP QW with 4%-N content. (b2)

strain-contrast (202) TEM micrograph of a Ga(NAsP)/GaP QW with 2%-N content.

Both b1 and b2 are adopted from Ref. [22].

Ga(NAsP) layer grown on GaP, using the strain sensitive (202) reflection. The fluctuations in

the intensity indicate the local strain due to lattice constant changes caused by N-related defects.

Furthermore, fluctuations in the layer thickness are also responsible for long-range disorder in

the case of semiconductor heterostructure such as quantum wells. A high resolution TEM [010]

micrograph of a Ga(NAsP)/GaP QW with an N content of 4% is shown in Fig. 2.3(b1) and it

demonstrates a fluctuation in the thickness of the QW as high as about 1 nm [22]. On the other

hand, a strain-contrast fluctuation within the QW material can be an additional source of disor-

der. Such a fluctuation at a scale of 10–50 nm is presented in Fig. 2.3(b2) for a Ga(NAsP)/GaP

QW with an N content of 2% [22].

The aforementioned disorder effects in dilute III-V nitrides are also expected in Bi con-

taining III-V semiconductor structures, since the relatively large size of Bi atom results in a

degree of disruption in the lattice of the new materials, i.e., dilute III-V bismides. Using x-ray

absorption spectroscopy and an appropriate theoretical simulation method, Ciatto et al. inves-

tigated the local structure around Bi atoms in Ga(AsBi) layers grown on GaAs as a function

of Bi content aiming to detect short-range order [23]. It was found that static disorder in the

Bi next-nearest-neighbor interatomic distances dramatically increase when the Bi content is in-

creased. In particular, the Bi atoms are randomly distributed for a Bi content of 1.2%, tend

to form next-nearest-neighbor pairs when the Bi content is increased up to 1.9%, and form

small Bi clusters for higher Bi content (2.4%). Figs. 2.2(b1) and 2.2(b2) show two different

local configurations of atom distribution within the lattice structure of Ga(AsBi) in the case

of a next-nearest-neighbor Bi pair and for a Bi tetramer (cluster), respectively. In the second

case, a central Bi atom is surrounded by three Bi next-nearest-neighbors, where all Bi atoms

are next nearest neighbors of each other. However, the existence of Bi clusters within Ga(AsBi)

structures is confirmed by Wu et al., even for Bi content as low as 1.5% [24]. This can be seen

in high resolution TEM micrographs of the corresponding sample as presented in Fig. 2.4(a1).

Here, clusters remain coherent to the matrix and tend to be formed in spherical shape. A cluster
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(a1) 

(a2) 

(b) 

Figure 2.4: (a1) high resolution and (a2) bright field TEM image for a Ga(AsBi) layer with

Bi content of 1.5% and 4.7%, respectively. (b) cross-sectional TEM image of a

Ga(AsBi)/GaAs MQWs-sample with Bi content of 4.8% (zb: zincblende and rh:

rhombohedra). (a1) and (a2) are adopted from Ref. [24] while (b) from Ref. [25].

diameter ranging between 12 and 22 nm is obtained for a Ga(AsBi) layer with Bi content of

4.7%, shown in Fig. 2.4(a2) Furthermore, imperfect interfaces are also observed in the case of

Ga(AsBi) heterostructures. An example is shown in Fig. 2.4(b) for a Ga(AsBi)/GaAs MQWs-

sample with Bi content of 4.8% [25]. Here, fluctuations in layer thickness are demonstrated

through TEM measurements.

2.3 Photoluminescence

Luminescence is a light signal produced by spontaneous emission in a material in which elec-

trons in excited states drop down to lower levels. However, depending on the excitation method

luminescence can be mainly categorized as follows [26],

• Photoluminescence (PL); the luminescence takes place when a light source, e.g., laser,

is used to excite the carriers in the material.

• Cathodoluminescence (CL); in this method an electron beam is used as excitation

source. This technique is utilized to obtain extremely high spatial resolution of the lu-

minescence beyond the optical diffraction limit. Here, the luminescence signal is usually

detected using a system based on a scanning electron microscope (SEM).

• Electroluminescence (EL); the luminescence is caused by an electric current flowing

through the material. This phenomenon is employed in many optoelectronic devices such

as the light emitting diode (LED).

• Chemiluminescence; the luminescence is caused by a chemical reaction. When chemi-

luminescence happens in an organism, it is called bioluminescence
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(a)          (b)         (c)        (d)           (e)                   (f)               (g)       
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Figure 2.5: Schematic illustration of optical transitions in semiconductors.

Next, it is focused on the photoluminescence (PL), since it is the method which is employed

to characterize the semiconductor structures presented in this thesis. Analyzing the PL signal

provides much important information about the photo-excited material system, for example, but

not limited to, impurity levels. Furthermore, the PL intensity could be the best way to check the

optical efficiency as well as the material quality of a semiconductor, since it reflects the interplay

between the usually desirable radiative and defect-induced non-radiative recombination.

Optical Transitions in Semiconductors

When a photon is absorbed into a semiconductor material an electron in the valence band (VB)

is able to rise to an excited state –higher in energy– leaving a so-called hole behind. However,

this photo-excited electron can undergo different processes, including thermal relaxation and

energetic (optical) transitions. Optical transitions in semiconductors results in either radiative

or non-radiative recombination, and can be furthermore categorized into two groups; intrinsic

and extrinsic. When an electron and a hole recombine through radiative recombination, a photon

is emitted and its energy is dependent on the energetic distance between these electron and hole.

If the photon energy of the excitation source is high enough, excited-electrons can reach the

conduction band (CB). An excited-electron can directly drop to VB and radiatively recombine

with a hole; this process is named band-to-band radiative transition and takes place at relatively

high temperatures, Fig. 2.5(a). The band-to-band transition in indirect gap semiconductors such

as GaP is called an indirect transition and it needs phonon assistance in order to keep the mo-

mentum conservation. In contrast, Direct-gap semiconductors such as GaAs do not necessarily

need phonon assistance for radiative transitions.

At low temperatures, an excited electron can be united with a hole through the Coulomb

attractive force arose between them. This form of an electron-hole (e-h) pair is usually called

a free exciton (FE). Here, the intrinsic PL emission occurs via excitonic recombination instead

of band-to-band transition–in the pure semiconductors, Fig. 2.5(b).
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However, if some impurities are intentionally incorporated into a semiconductor, new energy

level states will be created in the energy band gap, i.e., donor (D) and accepter (A). Depending

on the position of their energy levels donors and accepters are commonly classified into two

types; shallow and deep. In particular, for the case of donors, the donor levels just below the

CB are defined as shallow donors, while deep donors indicate the donors that have energy levels

far away from the CB within the energy band gap. The extrinsic PL occurs between an electron

trapped by a donor, that is, a neutral donor state D0 and a hole at the top of VB and/or between

an electron at the bottom of CB and a hole of the neutral acceptor state A0, both possibilities are

sketched in Fig. 2.5(c) and (d), respectively. Such processes are known as free-to-bound tran-

sitions. When both types of impurities (D0 and A0) are present as compensated semiconductors,

donor-acceptor pair (DAP) recombination occurs through radiative tunneling, Fig. 2.5(e). On

the other hand, in the case of extrinsic semiconductors, an FE can be captured by a neutral

impurity state (D0 or A0), ionized impurity state (ionized donor D+ or ionized acceptor A−),

or by a defect state forming a bound exciton (BE); Fig. 2.5(f) presents the case of a BE that

is captured by a D+. Such excitonic recombination processes become more prominent in semi-

conductor quantum structures, e.g., quantum wells due to the increased exciton-binding energy

by quantum confinement.

In addition to impurity levels, defects in the semiconductor structure result in non-radiative

centers, called also defect centers, deeply located in the energy band gap, shown as X level in

Fig. 2.5(g). Indeed, such defect centers exist even in very pure materials, and they capture elec-

trons and/or holes initially by non-radiative transitions associated by multi-phonon emission.

Then the captured electrons and/or holes are charged and recombine non-radiatively with other

carriers.

2.4 Band Anti-crossing Model

When an atom in a compound semiconductor is replaced with an atom of an element belonging

to the same column of the periodic table, it is referred to as an isovalent or isoelectronic center.

Although both atoms have the same valence, they may differ in many other aspects like a differ-

ent atom size and different electronegativity. If these differences are significant, they may result

in local defect potential associated with the isovalent impurities. If the electron affinity of the

introduced atom is larger than that of the constituent atom, this atom becomes an electron trap,

playing the role of donor, and the corresponding energy level is placed below or in resonance

with the conduction band edge, i.g., N-induced localized states in dilute III-V nitride semicon-

ductor alloys. Similarly, the introduced atom plays the role of accepter if its electron affinity is

smaller than that for the constituent atom. Here, on the other hand, the isovalent energy level is

placed above or in resonant with the valence band edge, such as in dilute III-V nitride bismide

semiconductor alloys.

Dilute III-V nitride and/or bismide alloys are categorized under the name of highly mis-

matched semiconductor alloys (HMAs). The mismatching in an HMA originates from the great

differences of electronegativity, size, and/or ionization energy of the constituents [5]. How-

ever, the energy band-gap of HMAs as a function of the composition shows a great bowing in
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comparison to the same dependence for conventional semiconductor alloys. In the following, an

advanced theory used to interpret the anomalous compositional behavior of the energy band-gap

of HMAs is presented.

2.4.1 Bandgap Bowing in Semiconductor Alloys

Since the band-gap energy and the lattice constant are the most important parameters of a semi-

conductor, the prediction of them has been a task of crucial importance for researchers. In

particular, an optoelectronic device can be engineered according to the band-gap energy of

based semiconductor structure(s), e.g., the functioning of an emitter or detector. In contrast,

the mismatching between the lattice constants of two semiconductors constructed a structure

can degrade the optical efficiency of the device due to the increasing defects, i.e., non-radiative

centers.

Conventionally, both the band-gap energy and the lattice constant of a semiconductor alloy

are determined from the properties of the endpoint constituent compounds. The lattice constant

of an ABxC1−x semiconductor alloy consists of two compounds of similar character, AB and

AC, can be extracted as follows

αABC = xαAB + (1− x)αAC , (2.1)

where x is the concentration of the component B, and αABC , αAB, and αAC are the lattice

constants of ABxC1−x, AB, and AC, respectively. This relation, Eq. (2.1) is commonly known

as Vegard’s Law [27] and is the key concept of the Virtual Crystal Approximation (VCA). In the

framework of VCA approach disorder effects, e.g., compositional fluctuations, are neglected.

In other words, semiconductor alloy acts as a pure crystalline materials and the potential of the

periodic crystal is taken as an average over the atomic potentials of the endpoint constituent

compounds [28].

In contrast to the lattice constant, the band gap energy of real semiconductor alloys cannot

be well estimated using a linear relation between the band gap energies of the binary com-

pounds, AB and AC. Indeed, the band gap energy of ABxC1−x semiconductor alloy varies

–with composition– between the band gap energies of the constituent compounds with some

degree of bowing away from the linear trend . This dependence is commonly interpolated by

the following quadratic expression [29]

EABC
g = xEAB

g + (1− x)EAC
g − bx(1− x) , (2.2)

where b is the bowing parameter that represents the deviation of the energy band gap from the

linear interpolation, and EABC
g , EAB

g , and EAC
g are the bandgap energies of ABxC1−x, AB, and

AC, respectively. A successful exploitation of Eq. (2.2) is reported for (AlxGa1−x)N semicon-

ductor alloys [30] as shown in Fig. 2.6(a): one can clearly see a considerable deviation of the

experimental data from the theoretical zero-bowing calculation represented by the dashed line.

The bowing parameter, b is typically considered to be independent of the composition, x.

However, early studies show that phenomenological Eq. (2.2) can be reproduced taking into
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(b)

Ga(As1-xBix)(AlxGa1-x)N

(a)

Figure 2.6: (a) composition dependence of the energy gaps for (AlxGa1−x)N alloys. The solid

line is obtained from Eq. (2.2). The dashed line represents the case of zero bowing

(after Yun et al. [30]). (b) experimental data for the PL peak energy as a function

of Bi concentration in Ga(As1−xBix). The solid line is a fit to the experimental data

using Eq. (2.4) (after Lu et al. [34]).

account the disorder effects within a given semiconductor alloy [28, 31], and the bowing pa-

rameter can also be dependent on the composition [32]. In this context, it has been reported that

the bowing parameter is well described by the following empirical expression [33].

b(x) =
b1

1 + b2x
, (2.3)

here b1 and b2 are fitting parameters. By substituting Eq. (2.3) into Eq. (2.2) the band gap energy

of, e.g., Ga(AsBi) can be estimated by

EGaAsBi
g = xEGaBi

g + (1− x)EGaAs
g − b1x(1− x)

1 + b2x
. (2.4)

This expression is utilized by Lu et al. [34] to describe the behavior of the PL peak energy of

Ga(As1−xBix) as a function of Bi content (x). Here, b1 and b2 are found to be 9.5 and 10.4,

respectively, and EGaBi
g = −0.36 eV was considered as a fitting parameter due to the fact

that GaBi compound has never been synthesized up to now and, hence, its band gap energy is

unknown. Fig. 2.6(b) shows the corresponding data.

So far the discussion has been limited to the characterization of the band-gap energy in

ternary semiconductor alloys. However, the picture becomes more complicated for quaternary –

or even quinary– semiconductor alloys [35, 36], since all binary and ternary constituents should

be taken into account in order to provide a reasonable description of electronic and structural

properties of a given quaternary alloy. E.g., in the case of Ga(As1−x−yNxBiy) semiconductor

alloys presented in Ref. [37], the lattice constant of these alloys is obtained from

αGaAsNBi(x,y) = (1− x− y)αGaAs + xαGaN + yαGaBi , (2.5)
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Figure 2.7: BAC model in the vicinity of the Γ point minimum: the localized impurity-related

states are located (a) within or (b) below the conduction band of the host semicon-

ductor. The solid curves are the restructured E+ and E− sub-bands resulting from

the band anti-crossing interaction between the localized states (dash-dotted line) and

the extended states of the conduction band (broken line), (after Shan et al. [48]).

while the band gap energy is given by

EGaAsNBi
g = (1− x− y)EGaAs

g + xEGaN
g + yEGaBi

g −[
bGaAsNx(1− x) + bGaAsBiy(1− y) + bGaAsNBixy

]
, (2.6)

where αGaAs, αGaN , and αGaBi, and EGaAs
g , EGaN

g , and EGaBi
g are the lattice constants and

band gap energies for GaAs, GaN, and GaBi binary compounds, respectively, while bGaAsN ,

bGaAsBi, and bGaAsNBi are the bowing parameters for Ga(AsN), Ga(AsBi), and Ga(AsNBi)

semiconductor alloys, respectively. Theoretical calculations based on Eqs. 2.5 and 2.6 predict

a promising construction, in which y = 1.7x, that is lattice matched GaAs, and which has a

band-gap energy of 1 eV [37].

The VCA approach has been widely used to fit the energy band gap bowing of much semi-

conductor alloys. However, it fails to well model the composition dependence of the energy

band-gap in dilute III-V nitrides and/or bismides where a relatively huge bowing parameter was

extracted: b = 16.2 eV in the case of Ga(NxAs1−x) [38].

2.4.2 Conduction Band Anti-crossing Model

Many theoretical models have been suggested to explain the large bowing in the energy band-

gap in HMAs, e.g., dilute III-V nitride and/or bismide semiconductor alloys. Wei and Zunger

suggested an approach based on a composition dependent bowing parameter and resulting from
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(a) (b)

Ga(NxAs1-x)Ga(NxP1-x)

Figure 2.8: (a) energy sub-bands, E+ and E− as a function of N fraction for GaP1−xNx: the

symbols are obtained from photoreflectance measurements and lines are calculated

using two-band BAC model. (b) energy band-gap of Ga(NAs) vs. the N fraction.

The solid line indicates the theoretical calculations based on BAC model. The sym-

bols represent the experimentally-determined values adopted from [50] (closed cir-

cles), [51] (open circles), [52] (open triangles), and [53] (closed triangles). Both (a)

and (b) are taken from Ref. [41]

local density approximation (LDA) calculations in Ga(NAs) [39]. However, the LDA model

was replaced by empirical pseudopotential calculations due to some errors concerning the en-

ergy band-gap were risen by applying the LDA model [40]. In addition to the aforementioned

approaches, an elegant model has been suggested to describe electronic structure of dilute III-V

nitride semiconductor alloys [41, 42, 43], and later extended for the dilute III-V bismide semi-

conductor alloys [44, 45, 46]. This approach considers the anti-crossing interaction between

the localized impurity-induced states and the delocalized states of the host semiconductor. Not

surprisingly, this model is named the band anti-crossing (BAC)3.

The BAC calculations are carried out within the many-impurity Anderson model [47] con-

sidering the simplest possible manner of a two-band anti-crossing situation [5]. In particular,

a narrow resonant energy band formed by the N states strongly interacts with the energy level

associated with the extended states of the conduction band of the host semiconductor’s matrix.

This anti-crossing interaction causes a restructuring of the conduction band of the host semicon-

ductor, i.e., the conduction band is split into two non-parabolic sub-bands. The newly formed

sub-bands have energy dispersion relations given by [42]

E±(k) =
1

2

[(
Ec(k) + Ed

)±√
(Ec(k)− Ed)2 + 4C2x

]
, (2.7)

where k is the electron wavevector, x is the N fraction, Ec(k) is the energy dispersion of the

lowest conduction band of the host semiconductor, Ed is the energy of the localized states

derived from the substitutional N atoms, and C describes the coupling between the localized N-

3It is widely common to drop “conduction” from the name of this model for the case of dilute III-V nitrides, in

which the conduction band anti-crossing interacts with the resonant N-impurity states.
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Figure 2.9: (a) measured and calculated values of lower E− and upper E+ conduction sub-bands

in Ga(NxAs1−x−yPy). EM is the energy band-gap of Ga(As1− yPy) and EN is the

N energy level in Ga(NxAs1−x−yPy), (After Yu et al. [54]). (b) energy band-gaps of

Ga(As1−zPz), Ga(NxAs1−x), Ga(NxP1−x) and Ga(NxAs1−x−zPz) alloys (after Ku-

drawiec [55]). All values in (a) and (b) are plotted as a function of P content.

related states and the band states of the host semiconductor [41]. Furthermore, at the Brillouin

zone centre, the effective mass of a dilute III-V nitride semiconductor alloy is approximated by

the density-of-state electron effective mass and can be estimated by [41]

me(x) =
2me

0

1− Ec(0)− Ed√
(Ec(0)− Ed)2 + 4C2x

, (2.8)

where me
0 is the electron effective mass in the host semiconductor.

It is worth mentioning that the BAC model remains valid, not only if the the localized

states are located within the conduction band such as in Ga(NAs) [48], but even if the localized

states lie below the conduction-band edge, e.g., ZnMnOTe [49]. Theoretical predictions of the

BAC model have been verified by experimental observations for different dilute III-V nitride

semiconductor alloys. Two examples which demonstrate excellent agreement between the ex-

perimental results and BAC model calculations are shown in Fig. 2.8(a) and (b) for Ga(NxP1−x)

and Ga(NxAs1−x), respectively [41].

Ga(NAsP)

The incorporation of N atoms into Ga(AsP) alloy affects the electronic structure in similar way

to their incorporation into GaAs. Consequently, the conduction band of Ga(NAsP) consists of

two sub-bands (E− and E+) due to the anti-crossing interaction between localized N states and

the conduction band of Ga(AsP). This is demonstrated by means of the photoreflectance spectra

of Ga(NAsP), from which two well-resolved optical transitions are distinctly different from the

energy band-gap transition of Ga(AsP) [54]. The corresponding experimental values of the
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energy transitions, lower E− and upper E+ conduction sub-bands, are shown in Fig. 2.9(a) as

closed and open circles, respectively. EM represents the energy band-gap of Ga(As1− yPy)

as a function of P content. Yu et al. used BAC model to characterize the electronic structure

of Ga(NAsP) [54] and, on the other hand, to determine the N fraction in the studied layers.

The calculated dependences of the energy transitions of Ga(NxAs1−x−yPy) on the P contect are

plotted in Fig. 2.9(a). Here, the N content is set to x= 0.3%, 1%, and 2%, respectively. EN

indicates the N energy level in Ga(NxAs1−x−yPy) as a function of P content.

The BAC model is indirectly applied by Kudrawiec [55] to parameterize the energy band

gap of Ga(NxAs1−x−zPz). In particular, the energy band gaps of both constituent ternary alloys,

i.e., Ga(NxAs1−x) and Ga(NxP1−x) alloys, are calculated using the BAC model,

EGaNAs
g (x) =

1

2

[
EGaAs

N + EGaAs
g −

√(
EGaAs

N − EGaAs
g

)2
+ 4 (CGaNAs)2 x

]
(2.9)

and

EGaNP
g (x) =

1

2

[
EGaP

N + EGaP
g −

√(
EGaP

N − EGaP
g

)2
+ 4 (CGaNP )2 x

]
, (2.10)

while the energy band gap of Ga(NxAs1−x−zPz) is extracted using Eq. (2.2) as follows

EGaNAsP
g (x,z) = (1− z′)EGaNAs

g (x) + z′EGaNP
g (x)− z′(1− z′)C , (2.11)

where

z′ = z +
xz

(1− x)
. (2.12)

Here, EGaAs
N , EGaP

N , CGaNAs, and CGaNP are empirical parameters, and C is the bowing param-

eter. Both EGaAs
g and EGaP

g are correspond to the energy band gap of GaAs and GaP at the Γ

point, respectively. Fig. 2.9(b) shows the energy band-gap of Ga(NxAs1−x−zPz), calculated by

applying Eqs. (2.9)–(2.12), as a function of P content for different N contents, i.e., it varies be-

tween the energy band-gaps of Ga(NxAs1−x) and Ga(NxP1−x). Here, the bowing parameter C

is assumed to be 0.19 eV. Besides, the energy band-gap of Ga(As1−zPz) at Γ point as well as X

point are presented against P content for the bowing parameters of 0.19 and 0.24 eV for Γ and

X valley, respectively. The nature of the fundamental band-gap of Ga(As1−zPz) alloy changes

from indirect to direct when the X valley minimum crosses below the Γ valley minimum for P

content higher than 45% [55].

2.4.3 Valence Band Anti-crossing Model

Proceeding from the similarity in the trend of mismatch between N and As in Ga(NAs) as well

as Bi and As in Ga(AsBi), Alberi et al. extended the BAC to explain the large shrinking in the

energy band gap of Ga(AsBi) [45, 46]. Due to the fact that the electronegativity of Bi is lower

than that for As, Bi-related impurity states are located close to the valance band of host GaAs

matrix [56, 57]. Hence, in this case, instead of the conduction band, the band anti-crossing

takes place between resonant Bi states and the GaAs valance band and this adapted model

is consequently named as the valence band anti-crossing (VBAC) model. As a result of the
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Figure 2.10: (a) dispersion relation of the Ga(As0.96Bi0.04) valence bands, consisting of the

heavy hole (HH), light hole (LH), and spin-orbit split-off (SO) E+ and E− sub-

bands, (after Alberi et al. [46]). (b) energy band-gap of Ga(AsBi) vs. the GaBi

fraction: triangles, squares, and circles represent the experimentally-determined

values which are adopted from [58], [59], and [60], respectively. The dashed and

solid lines indicate the theoretical calculations based on VBAC model and VCA

approach, respectively.

aforementioned coupling, the primary valence bands of GaAs split into three pairs of sub-bands

as shown in Fig. 2.10(a): (E+
HH , E

−
HH), (E+

LH , E
−
LH) and (E+

SO, E
−
SO) for heavy hole (HH), light

hole (LH), and spin-orbit split-off (SO) bands, respectively [46].

According to the VBAC model the valence band edge is given by [44]

EGaAsBi
v (x) =

1

2

[
EGaA

v + EBi +

√
(EGaAs

v − EBi)
2 + 4C2

Bix

]
, (2.13)

and the expression of the electron effective mass given in Ref. [41], Eq. (2.8), can be conse-

quently modified for the hole effective mass in Ga(AsBi) as follows

mh(x) =
2mh

0

1 +
EGaAs

v − EBi√
(EGaAs

v − EBi)
2 + 4C2

Bix

, (2.14)

where x is the Bi fraction, EBi is the energy level of embedded Bi atom measured from the

valence band edge EGaAs
v of GaAs, CBi is the coupling constant, and mh

0 is the effective mass

of heavy holes in GaAs.

Fig. 2.10(b) shows some experimentally-reported values of the energy band gap of Ga(AsBi)

adopted from Refs. [58, 59, 60] as a function of Bi content. Theoretical calculations of the

energy band-gap of Ga(AsBi) based on VBAC model and VCA approach (Eq. (2.2)) are also

presented as solid and dashed line, respectively in Fig. 2.10(b). While the experimental data

show a large deviation from VCA results, they can be reasonably fitted to the theoretical curve

obtained based on VBAC model for EBi = −0.4 eV and CBi = 1.55 eV.
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3 Experimental Procedure

In this chapter, the different elements composing the experimental setup for time-resolved pho-

toluminescence spectroscopy used in this work are described in detail in Section. 3.1. Besides,

the fundamental concepts of the operating principle of the streak camera are also included. The

experimental setup employed to perform continuous-wave photoluminescence measurements,

presented in Sction 5.5.2, is introduced in Section. 3.2. A brief overview of semiconductor

structures studied in this work is given in the last part of this chapter, Section 3.3.

3.1 Time-Resolved Photoluminescence Spectroscopy

Fig. 3.1 shows a schematic drawing of the experimental setup used for time-resolved photolu-

minescence (TRPL) measurements presented within this thesis. A pulsed laser is used to excite

the samples. The spectrally as well as temporally resolved detection of the PL signal is ob-

tained by by the combination of a spectrometer and an ultrafast streak camera. The PL signal

is ultimately recorded by a charge-coupled device (known as a CCD camera) and processed by

computer software. In the following a detailed description of these steps is given.

3.1.1 Excitation Source

The excitation source for the TRPL setup is a laser system consisting of a compact titanium-

doped sapphire (Ti:sapphire) mode-locked oscillator1, pumped by an intracavity frequency-

doubled neodymium-doped yttrium aluminum garnet (Nd:YAG) laser2 operating in a continu-

ous wave (CW) mode with a center wavelength of 532 nm and a maximum output power of

11 W.

The key component of the laser is the Ti:sapphire crystal. This crystal is produced by intro-

ducing Ti2O3 into a melt of Al2O3. Consequently, a boule of material is grown from this melt

where a small fraction of Al3+ ions are replaced with Ti3+ ions. The latter ions are responsible

for the lasing action of the gain medium, i.e., Ti:sapphire crystal. The Ti:sapphire laser can

operate in either CW or pulsed mode and, on the other hand, its emission wavelength can be

continuously tuned from 670 nm to greater than 1000 nm. This broad range of wavelengths

results from the fluorescence transitions from the lower vibrational levels of the excited state to

the upper vibrational levels of the ground state of the Ti3+ ion. Fig. 3.2(a) shows the absorption

and emission spectra of Ti3+ in the Ti:sapphire crystal. The pulsed operation of the Ti:sapphire

1Spectra-Physics, Tsunami
2Spectra-Physics, Milennia Pro
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Figure 3.1: Schematic overview of the experimental setup used for time-resolved photolumi-

nescence measurements.

laser is based on the Kerr effect inside the Ti:sapphire crystal, i.e., the intensity-dependent, non-

linear refractive index of the Ti:sapphire crystal. The wavelength tuning and the width of the

laser pulse are controlled by adjustment of optical components of the laser cavity, including, in

particular, a birefringent optical filter and prism pairs.

For all TRPL measurements in the present work, the laser operates in a pulsed mode with a

pulse width of 100 fs and a repetition rate of 80 MHz, corresponding to a separation of 12.5 ns

between each two consecutive pulses. The laser’s emission wavelength is tuned between 760 nm

and 800 nm with an average output power as high as 2.1 W.

3.1.2 Photoluminescence Signal

The laser beam of the Ti:Sapphire laser is split into two arms using a beam splitter: one is led to

a photodiode as it will be explored in the next Section 3.1.3 and the other arm is used to excite

the samples. A λ/2-wavelength-plate is applied before the beam splitter to adjust the distribution

of the laser power between the two laser arms. In addition, variable neutral density filters are

used to attenuate the power of the excitation beam for specific requirements of an experiment.

For all TRPL measurements presented in this work, the laser beam is focused on the sample

down to a spot size of ∼30 μm in diameter. The samples are mounted at the end of a cold finger
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3.1 Time-Resolved Photoluminescence Spectroscopy 21

Figure 3.2: (a) absorption (green) and emission (red) spectra of Ti3+ ions in Ti:sapphire crystal.

(b) photosensitivity of the used streak camera.

fixed inside a liquid-helium-flow microscopy-cryostat3. A temperature-sensor is also integrated

inside the cryostat and directly connected to the temperature controller4. The latter is also united

with a suction pump5 used to suck up the helium that flows through the cryostat. Subsequently,

the samples’ temperature is adjusted between 10 K and 300 K by controlling both the sample

heating and the helium flow. Furthermore, the samples are kept under a dynamic vacuum as

low as 10−5–10−6 mbar using a vacuum pump6 in order to avoid condensation forming on the

surface of the samples.

If the photon energy of the Ti:Sapphire laser is similar to or larger than the band gap of the

investigated sample, each pulse of the excitation beam is absorbed in the sample and, thus, an

excited state is created. Immediately thereafter, the system relaxes emitting an optical radiation,

i.e., the PL signal. The PL signal emitted by a sample is collected normal to the sample surface

in reflection geometry, collimated by a set of two lenses (collecting lenses), and then focused

onto the entrance slit of a grating spectrometer.

Each of the lenses, i.e, laser focusing lens (L1 in Fig. 3.1) and the collecting lenses (L2 and

L3 in Fig. 3.1), as well as the cryostat is mounted on a manually actuated XYZ stage to ensure

precise positioning and focusing, and in order to minimize and restrict the effect of the sample-

drift on the detected PL signal. This drift can take place when the temperature is changed

(increased or decreased) during temperature-dependent measurements.

3Cryo Vac
4Cryo Vac, model TIC 304–MA
5Vacuubrand, diaphragm vacuum pump, model ME 4
6Pfeiffer Vacuum Technology AG, turbo pump, model TC600

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



22 3 Experimental Procedure

3.1.3 Detection System

The detection system is a combination of a spectrometer7 and a streak camera8. This combina-

tion enables one to obtain simultaneously spectral and temporal information of the detected PL

signal. Furthermore, a high-stability delay unit9 is used to adjust the delay times of trigger sig-

nal derived from the pulsed laser via an ultrafast photodiode. The streak camera as well as the

delay unit together with the spectrometer are operated using the HPD-TA (Temporal Analyzer)

software developed by Hamamatsu.

Depending on the chosen grating and the slit widths of the spectrometer, the maximal spec-

tral resolution of the measured PL signal in the TRPL setup is about 0.1 nm for a grating of

600 grooves/nm. However, a grating of 30 grooves/nm is used for all TRPL measurements pre-

sented in this work, corresponding with a spectral resolution of ∼1 nm. The employed streak

camera can be operated in 4 different time ranges of 157, 820, 1540 and 2280 ps. The temporal

resolution varies between 2 ps and 10 ps, according to the used time range of the detection-

windows, i.e, the dimensions of the streak camera image.

The detection system is limited by two factors. One is the spectral sensitivity of the photo-

cathode: the higher the detected wavelength, the lower is the response of the photocathode, as

shown in Fig. 3.2(b) for the employed streak camera in this work. The second limitation of the

detection system is due to trigger jitter, which affects significantly the temporal resolution.

3.1.3.1 Streak Camera Operation Principle

A streak camera is an ultra fast detector used to record extremely-short-time light-emission phe-

nomena, e.g., photo-excited carriers in semiconductors, with a very high temporal resolution.

The key component of the streak camera is an electron tube that is called “streak tube”. Fig. 3.3

shows the operating principle of the streak camera, considering a detected pulsed PL signal

consists of four components, which have different optical intensities and slightly vary in terms

of both time and space (wavelength or energy).

After the incident PL signal is spectrally dispersed by a grating spectrometer, its partici-

pating pulses pass through the entrance slit of the streak camera and are then conducted by

optics into a slit image on the photocathode in the front of the streak camera tube. Here, incom-

ing photons on the photocathode are converted into electrons due to the photoelectric effect.

The number of generated electrons is proportional to the intensity of the incident light signal.

Consequently, these four pulses are sequentially converted into electrons. Inside the tube the

electrons are accelerated and conducted towards a micro-channel plate (MCP). During the travel

of these accelerated electrons between the sweep electrodes a high voltage is applied, resulting

in a high-speed sweep of the electrons from top to bottom. On the other hand, since the elec-

trons are created at different times, corresponding to the different arrival time of the photons

of the spectrally dispersed PL signal, they are therefore deflected vertically in slightly different

angles. It should be noted that the synchronization between this sweep and the trigger signal is

7Bruker, model 25015
8Hamamatsu, model C 5680
9Hamamatsu, model C 6878
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Figure 3.3: Operation principle of a streak camera, figuratively assuming that the detected PL

signal consists of four pulses that have different optical intensities and slightly vary

in terms of both time and energy.

secured using a delay unit connected to a photodiode which is hit by the excitation pulsed laser.

At the end of their travel inside the streak tube, the accelerated electrons are multiplied several

thousands of times through the MCP. The amplified electrons are converted back into photons,

i.e., an optical signal, on a phosphor-screen, which is recorded at the end of the device by a

high-sensitive CCD camera10. The brightness of the fluorescence image is in direct proportion

to the intensities of incident photons of the measured PL signal. The fluorescence image cor-

responding to the photons which were earliest to arrive are placed in the uppermost position of

the phosphor screen, followed by the other images being arranged in sequentially descending

order from top to bottom. Hence, the perpendicular direction on the phosphor screen serves as

the time axis. Ultimately, the detected PL signal is stored and can be plotted and processed on

a computer as a 3D image using an appropriate software.

3.1.3.2 Streak Image Analysis

As above mentioned, the HPD-TA program is used to control the detection system and to au-

tomate the entire measurement procedure. This program is also developed to read out images

from the Hamamatsu streak camera’s phosphor screen. A streak camera image delivers intensity

vs. time vs. position (wavelength or energy) information of the detected signal, cf. Fig. 3.4(d).

Fig. 3.4(a) shows the PL signal from a Ga(AsBi)/GaAs single quantum well just to give an

example for a typical streak camera image. While the horizontal axis represents the photon en-

ergy, the vertical one is for the time. On the other hand, the intensity is false-color coded where

blue and red colors correspond to low and high intensities, respectively.

In order to improve the quality of the streak image the detected PL signal is usually inte-

grated for relatively long time with respect, of course, to the sensitivity of the phosphor screen.

Furthermore, HPD-TA program allows to automatically record a PL signal many times and dig-

itally accumulate them. Consequently, a streak image, as shown in Fig. 3.4(a), is an average

10Hamamatsu, model C 4742-95
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Figure 3.4: (a) an example of a PL image obtained with the streak camera. (b) PL spectra and (c)

corresponding PL transients are extracted from the streak image by the integration

of whole temporal intervals and spectral traces, respectively. (d) three-dimensional

representation of a streak camera image.

of the recorded shots of the PL signal. This process helps to reduce excitation-independent

optical signals inevitably included in the streak image. However, these excitation-independent

background radiations need to be subtracted for yielding reliable data. This is achieved using a

“LabView 8.0” code.

Ultimately, the acquired data are processed employing “Origin 9.0” software. PL transients

for a desired wavelength range can be obtained by integrating across corresponding columns in

a streak image, i.e. spectral traces. In contrast, integrating temporal intervals across rows in a

streak image results in time-resolved PL spectra. The PL spectra and corresponding PL tran-

sients for the streak image presented in Fig. 3.4(a) are extracted by the integration of temporal

intervals and spectral traces and shown in Figs. 3.4(b) and 3.4(c), respectively.

3.2 Continuous-Wave Photoluminescence
Spectroscopy

Besides the TRPL setup, a standard continuous-wave PL (CWPL) setup is employed to charac-

terize PL spectra of Ga(AsBi) single quantum well’s, which are presented in Chapter 5. Fig. 3.5

shows a schematic drawing of the experimental setup used for CWPL measurements. Instead

of the Ti:Sapphire laser used for the TRPL setup as an excitation source, a CW helium-neon
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Figure 3.5: Schematic overview of the experimental setup used for time-resolved photolumi-

nescence measurements.

(He:Ne) laser is employed to excite studied sample for CWPL experiments. The laser operates

at 632.8 nm.

Alike to the TRPL measurements the samples are mounted on a holder inside a liquid-

helium-flow microscopy-cryostat and kept under a very low dynamic vacuum. The PL signal

is detected using a spectrometer with an integrated detector and a data processing unit, which

is called optical spectrum analyzer11 (OSA). Using the OSA, a PL signal can be plotted as a

function of the wavelength with a maximal spectral resolution of 0.05 nm. The sensitivity of

the OSA ranges from 330 to 1700 nm.

3.3 Samples Description

This section presents the important growth parameters used for growing the nanostructures eval-

uated in this work. The emphasis of this thesis is on two different semiconductor materials, i.e.,

dilute nitride Ga(NAsP) and dilute bismide Ga(AsBi). The Ga(NAsP)/GaP multiple quantum

wells (MQWs) and the Ga(AsBi)/GaAs heterostructures were grown by the workgroup of Dr.

Wolfgang Stolz and Prof. Dr. Kerstin Volz in the department of physics and material sciences

center at Philipps-University of Marburg. The Ga(AsBi)/GaAs single quantum well’s (SQW’s)

were grown by the workgroup of Prof. Dr. Thomas Tiedje in the department of physics and

astronomy at University of British Columbia.

3.3.1 Ga(NAsP)/GaP Multi Quantum Wells

Three Ga(NAsP)/GaP triple QW structures with varying N and As content and almost similar

well widths were grown on (001)-oriented GaP substrate by metal organic vapor phase epitaxy

(MOVPE). The epitaxial growth was realised in a commercially available horizontal reactor

system with gas flow rotation (AIX 200-GFR-reactor) using hydrogen carrier gas at low reactor

11YOKOGAWA, model AQ-6315A
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Table 3.1: Composition and layer thickness of the Ga(NAsP)/GaP MQWs.

Sample N content P content As content QW width

(%) (%) (%) (nm)

23381 3 5 92 5.6

23384 4 6 90 6.7

23385 2 14 84 5.6

23386 4 7 89 5.4

pressure of 50 mbars. A detailed description of the growth technique and the growth conditions

can be found in Ref. [61]. The Ga(NAsP) QWs were grown pseudomorphically between 100 nm

GaP barriers.

High-resolution X-ray diffraction measurements were performed to determine both P and

N contents within the QWs. By reducing the P content with increasing N content the macro-

scopic mismatch is kept around 2.5%–2.6% compressive mismatch in both layer compositions,

which was verified by XRD measurements [62]. The well widths were estimated by taking the

mean width observed in transmission electron microscopy (TEM), with a fluctuation of ±1 nm.

An example of TEM images on these samples is presented in Fig. 2.3. An overview of the

composition and thickness of the Ga(NAsP) layers is given in Table 3.1.

3.3.2 Ga(AsBi)/GaAs Single Quantum Well

A set of Ga(AsBi) SQW’s with different Bi contents were grown on a semi-insulating

GaAs(100) substrate in a VG V80H solid source molecular beam epitaxy (MBE) system at

a growth rate of ∼1 nm/min. The Bi concentration was controlled by monitoring the As flux, Bi

flux, and growth temperature. The growth technique and the growth conditions are described in

Ref. [34].

The structural quality was confirmed using high-resolution X-ray diffraction; these experi-

ments include full dynamical simulations, and are independently corroborated the expected QW

thicknesses and Bi contents. All samples consist of a 300 nm GaAs buffer layer, followed by a

QW layer and a 20 nm GaAs cap layer. The growth parameters are summarized in Table 3.2.

Table 3.2: Growth parameters of Ga(AsBi)/GaAs SQW’s.

Sample Substrate temperature As flux Bi flux Bi content QW width

(◦C) (10−8 mbar) (10−8 mbar) (%) (nm)

r2016 365 14 1.70 1.1 12

r2048 280 25 1.70 6.0 14

r2049 320 25 1.70 5.5 12

r2074 300 11 0.42 2.1 13
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Table 3.3: Bi content and layer thickness of the Ga(AsBi)/GaAs heterostructures.

Sample Bi content Ga(AsBi) layer thickness

(%) (nm)

17215 3.2 59

17221 2.9 60

17222 4.2 34

17225 4.5 25

3.3.3 Ga(AsBi)/GaAs Heterostructures

A series of Ga(AsBi)/GaAs heterostructures with Bi different contents were grown by MOVPE

on undoped exact (001) GaAs substrates. The growth was taken place in a commercially avail-

able horizontal reactor system with gas flow rotation (AIX 200-GFR-reactor) at a reduced re-

actor pressure of 50 mbar using Pd purified H2 as carrier gas and triethylgallium (TEGa), ter-

tiarybutylarsine (TBAs) and trimethylbismuth (TMBi) as precursors. The TEGa partial pressure

for the Ga(AsBi) growth was 0.042 mbar at a V/III ratio of 1.1 and a TMBi/V ratio of 0.034.

The growth temperature was set to 400 ◦C. Further information on the growth technique and the

growth conditions can be found in Ref. [63] The Bi fraction and layer thickness, which were de-

termined using high resolution x-ray diffraction ω − 2θ scans around the (004) reflection peak

of GaAs, are summarized in Table 3.3 . All samples are deposited on a 250-nm-thick-GaAs

buffer layer and capped by a 20-nm-thick-GaAs layer, both were grown at 625 ◦C.
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4 Photoluminescence of Disordered
Semiconductors

4.1 Introduction

The shed light on dilute nitride III-V semiconductors was started with a dream to cover the

electromagnetic spectrum range from the ultraviolet to the infrared using only one material; this

magical structure was GaAsN. The supposed scenario was that the band-gap energy of GaAsN

alloys can be adjusted by controlling the incorporated amount of nitrogen. Consequently, one

can achieve a variation of the band-gap energy between 1.42 eV (GaAs) and 3.4 eV (GaN) [64].

However, unlike what was foreseeable, an unexpected reduction in the band-gap energy is ob-

served for GaAsN, e.g., the incorporation of 1% of N into GaAs reduces the band-gap energy

by about 180 meV [65]. This strong shrinking in the band-gap energy is typically explained by

a conduction-band anti-crossing model [42], based on the interaction between the conduction

band of GaAs and resonant localized N states [43]. In a similar way, the incorporation of Bi

atoms into the GaAs lattice leads to a significant decrease in the band-gap energy as high as

∼62–84 meV/%Bi [58, 66, 67]. In this case, a velance-band anti-crossing model, based on the

interaction between the valance band of GaAs and resonant localized Bi states is used for the

interpretation of the behavior of the electronic structure [45]. Besides ternary, dilute nitride

and/or bismide III-V quaternary semiconductors such as Ga(NAsBi) [68], (GaIn)(AsBi) [69],

(AlGa)(NAs) [70] and Ga(NAsP) [71], have also attracted increasing attention during the last

two decades in the scientific community due to their unusual physical properties and their po-

tential for long-wavelength optoelectronic applications.

Despite the advantage of a shrinking in the band-gap energy, the introduction of a small

amount of a V-element to a III-V host structure results in an increase in the disorder poten-

tial due to the differences, e.g., in size and electronegativity between the incorporated and

substituted anions [5, 6]. Several reasons that contribute to (or increase) the disorder poten-

tial in semiconductors are discussed in Section 2.2. The presence of disorder effects within a

semiconductor can significantly influence its electronic structure, i.e., the density of localized

states (DOS) is increased [72]. Disorder-induced localized states drastically affect carrier re-

combination processes in semiconductors. The changes in carrier dynamics can be revealed

by investigating, e.g., electrical and optical properties of disordered semiconductors [14]. In

this context, photoluminescence (PL) spectroscopy is widely used for the characterization of

disorder in semiconductors.

This chapter deals with most prominent PL characteristics of disordered semiconductors. A

qualitative description of the disorder-related PL features is also introduced. It will be especially
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Figure 4.1: Schematic illustration of excitation-dependent exciton dynamics in a typical disor-

dered semiconductor. The top-right inset shows the fluctuation in the edges of the

conduction band (CB) and the valence band (VB) due to disorder effects.

focused, through this chapter, on the PL emission from disordered Ga(NAsP) and Ga(AsBi)

nanostructures. The chapter begins with a brief description of the origin of the Stokes shift,

given in Section 4.2. In Section 4.3, the impact of the excitation intensity on both the spec-

tral shape and the temporal dynamics of the PL emission at very low temperatures as well

as room temperature is presented. Different aspects of the temperature dependence of the PL

emission are discussed in Section 4.4. Besides, the effect of the filling of localized states on

the temperature-dependent disorder-induced PL characteristics is discussed. The distribution

of PL decay times depending on the PL emission energy is described in Section 4.5. Then, a

detailed study on carrier dynamics and localization effects in Ga(AsBi)/GaAs SQW’s with dif-

ferent Bi content is presented in Section 4.6. Here, the influence of the Bi content on some PL

features is described. Furthermore, the thermal evolution of carrier recombination mechanisms

is discussed. Finally, Section 4.7 summarizes the results of this chapter.

4.2 Stokes Shift

Under relatively low excitation conditions, an energy red-shift between the absorption peak and

the corresponding PL emission peak is widely observed in disordered semiconductors, such as

dilute III-V bismides [73] as well as nitrides [74]. This phenomenon is named Stokes1-shift

and can be described –in the case of disordered semiconductors– in terms of carrier dynamics,

as illustrated in Fig. 4.1, with respect to the band-gap theory in semiconductors. In particular,

photo-excited excitons relax towards energetically lowest states, so-called band-tail states [76,

77, 78, 79]. The latter reflects the fluctuations in energy band edges due to disorder effects (cf.

1This phenomenon had been reported for the first time by G. G. Stokes in 1852 [75].
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the inset of Fig. 4.1). While a fraction of these excitons can directly reach deep band-tail states,

the rest emigrate downward in energy across shallow band-tail states performing some phonon-

assisted tunnelling transitions [80]. The band-tail states are commonly known also as disorder-

induced localized states. It has been assumed that localized excitons can hop between localized

states before their recombination with respect to the exciton lifetime [81]. Ultimately, the PL

spectrum arises from all contributing radiative recombination of localized states. However,

the exciton lifetime has some distribution depending on the exciton energy [82]. This will be

discussed in Section 4.5.

Since the nature of disorder is differs from semiconductor structure to semiconductor struc-

ture, the value of the Stokes shift is also different. While a Stokes shift of 300 meV has been ob-

tained for Ga(AsBi) at 5 K [83], it was reported to be about 60 meV for Ga(NAsP) at 10 K [84].

Furthermore, the Stokes shift depends on the temperature as well as the excitation intensity. Un-

der sufficiently low excitation conditions, the temperature-dependent Stokes shift shows some

character that is fruitfully utilized to quantify the disorder in semiconductors, as it will be pre-

sented in Section 5.4. On the other hand, the Stokes shift becomes less apparent when the

excitation intensity is increased due to the gradual filling of localized states, which are limited

in number [85]. Yet, to some extent, the Stokes shift vanishes when the PL emission is mainly

dominated by the recombination of band-to-band transitions.

4.3 Excitation Dependence

The excitation dependence of the PL spectrum of a Ga(AsBi)/GaAs single quantum well (SQW)

at a temperature of 11 K is presented in the first part of this section. The second sub-section deals

with the excitation-dependent PL peak energy as well as PL linewidth for a Ga(NAsP)/GaP-

multiple-QWs-(MQWs) sample, which are measured at room temperature (RT). The discussion

of the impact of the excitation intensity on both the PL intensity and the PL decay time at RT is

postponed to Section 4.6.2.

4.3.1 Low Temperatures

Figs. 4.2(a1) and 4.2(a2) show the experimental results of PL spectra and corresponding normal-

ized PL transients, respectively, for a Ga(AsBi)/GaAs SQW, which are measured over a wide

range of excitation intensities at a lattice temperature of 11 K. In the case of very low exci-

tation intensities, the PL emission peak is asymmetric and shows a characteristic low-energy

flank of the PL spectrum. An exponential shape of the low-energy side of the low-temperature

PL spectrum is suggested by Karcher et al. for disordered Ga(NAsP) semiconductors [84],

which results from the recombination of electron-hole pairs trapped in localized states with an

exponential energy-distribution. However, a Gaussian distribution of the localized states is pro-

posed by Imhof et al. and extrapolated from the Gaussian-shaped low energy tail of the linear

absorption spectrum of a Ga(AsBi) structure [86].

When the excitation intensity is increased the PL energy peak exhibits a blue-shift and, fur-

thermore, additional signatures appear at the high energy shoulder of the PL spectrum, indicat-
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Figure 4.2: (a1) PL spectra and (a2) normalized corresponding PL transients of a

Ga(AsBi)/GaAs SQW with Bi content of 5.5%, measured for various values of the

excitation intensity at 11 K. Excitation intensity dependence of (b1) PL peak energy,

(b2) PL FWHM, (b3) integrated PL intensity, and (b4) PL decay time (τ ) at 11 K.

The red dashed lines in (b3) are fits generated from the power-law relation, Eq. (4.1),

between the integrated PL intensity and the excitation intensity.

ing higher confined states of the studied quantum well [87]. Besides, the PL decay is observed

to be slow at low excitation conditions and becomes increasingly faster for higher excitation

intensities.

For further analysis of these experimental observations, the PL peak energy (EPL), the PL

linewidth (FWHM: full width at half maximum), the integrated PL intensity, and the PL decay

time are plotted each as a function of excitation intensity in Figs. 4.2(b1)–4.2(b4), respectively.

Here, the integrated PL intensity (IPL) as a function of excitation intensity (IExc) is analyzed

using a power-law with the following general form [88]:

IPL ∝ IαExc , (4.1)

where α is the exponential factor. The red dashed lines in Fig. 4.2(b3) refer to fits using Eq. (4.1).

The experimental results, represented of the right-hand side of Fig. 4.2, can be clearly distin-

guished in three major regimes, shown by vertical short-dashed black lines, as follows:
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Figure 4.3: Schematic illustrations of excitation-dependent exciton dynamics in a typical disor-

dered semiconductor.

At very low excitation intensities: the PL peak energy, the PL FWHM, and the PL decay

time are almost constant while the PL emission intensity increases linearly with the excitation

intensity (α1= 1.04). This behavior can be understood respecting the excitation’s finite lifetime.

In particular, when the excited excitons relax downward in energy, they can be trapped in lo-

calized states or rather perform hopping transitions between these states before their radiatively

decay [84], Fig. 4.3(a). The decay time is therefore understood as an average recombination

time of these two possibilities.

When the excitation intensity is increased further: the PL peak energy strongly blueshifts

(ΔEPL= 41 meV), i.e., it shifts towards higher energies, and the PL FWHM increases strikingly.

On the other hand, while the integrated PL intensity continues its linear increase, the PL decay

time decreases when the excitation intensity is increased. These observations can be attributed

to the gradual filling of the localized states [89], Fig. 4.3(b). In particular, the excitons can

reach the deepest localized states through hopping processes, when energetically-middle-laying

localized states are mainly filled. It should be noted that the presence of higher quantum states

of the QW further contributes to the broadening of the PL spectrum.

Under high excitation conditions: the localized states are saturated due to their finite num-

ber [85], Fig. 4.3(c). This is reflected by rather no impact of the excitation intensity on the PL

peak energy, i.e., the PL emission exhibits a maximum at 1.18 eV for the excitation range from

20 to 70 mW. However, the PL maximum shifts abruptly to 1.22 eV for the excitation intensity

of 100 mW, as the second confined state of the QW becomes the dominant emission source. On

the other hand, the decay time decreases with the excitation intensity. This is attributed to an in-

creasing contribution of capture processes into defect states as the excitons become delocalized

and, thus, more mobile, Fig. 4.3(d). Also, a contribution from Auger recombination [90] and/or

heating effects [73] are possible. This interpretation is supported by the sub-linear dependence

of the PL intensity on the excitation intensity (α2= 0.33).
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Figure 4.4: Excitation-dependent PL spectra of a Ga(NAsP)/GaP-MQWs sample with an N con-

tent of 3% measured at (a1) 10 K and (a2) 300 K. The corresponding (b1) PL peak

energy as well as (b2) PL FWHM are plotted against the excitation intensity.

4.3.2 Room Temperature

Figs. 4.4(a1) and 4.4(a2) show the excitation-dependent PL spectra of a Ga(NAsP)/GaP-MQWs-

sample, measured at 10 K and RT of 300 K, respectively. The corresponding PL peak energy and

PL FWHM are presented in Figs. 4.4(b1) and 4.4(b2), respectively. While the PL peak energy

blue-shifts by about 19 meV when the excitation intensity is increased from 0.3 to 70 mW

and is close to 1.44 eV for higher intensities, it becomes excitation-independent at 300 K. The

excitation-dependent behavior of the PL peak energy at low temperatures is above discussed.

However, at RT, the excitons are mainly delocalized and the PL emission results form band-

to-band transitions. Hence, the nearly constant value of the PL peak energy in Fig. 4.4(b1)

represents the fundamental energy band-gap energy of the studied structure at RT.

In contrast, the PL FWHM first decreases significantly when the excitation intensity is in-

creased up to 35 mW at 10 K and then increases with a lesser extent by further increase of

the excitation intensity. The excitation-dependent PL FWHM at 300 K does similarly to this at

10 K, but less pronounced. Indeed, the PL FWHM shows an excitation-independent behavior

with a slight trend to increase as the excitation intensity is increased above 1 mW; it varies

between 74 meV and 77 meV. A similar behavior of the excitation-dependent PL FWHM is
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Figure 4.5: Temperature-dependent (a) PL spectra, (b1) PL peak energy, and (b2) PL FWHM of

a bulk Ga(AsBi) sample with Bi content of 4.5%. The red solid curves in (b1) and

(b2) are obtained from Eq. (4.2) and Eq. (4.3), respectively.

observed for (InGa)N/GaN MQWs [91]. The initial decrease of the PL FWHM is attributed to

Coulomb screening of the quantum-confined Stark effect (QCSE) [92]. The latter results from

the internal electric field. However, the QCSE weakens when the excitation intensity, i.e., the

number of photo-generated excitons, is increased [93]. The later increase of the PL FWHM can

be ascribed to band-filling effects. Besides, the weakening of Coulomb screening of the QCSE

can also contribute to the observed blue-shift of the excitation-dependent PL peak energy.

4.4 Temperature Dependence

In this section the temperature-evolution of PL spectra in disordered semiconductors will be pre-

sented. First, the temperature dependence of the PL peak energy and the PL linewidth for bulk

Ga(AsBi) layers is described. Then, the filling effect of localized states on the aforementioned

dependences are discussed for Ga(NAsP)/GaP MQWs. The PL thermal quenching in different

disordered semiconductors is shown in the second part of this section. Besides, the impact of

the excitation intensity on the temperature-dependent PL intensity and the corresponding PL

decay time is clarified for Ga(AsBi)/GaAs SQW’s.

4.4.1 S-Shape Behavior

Fig. 4.5(a) shows PL spectra of a bulk Ga(AsBi) sample, measured at an excitation intensity of

1 mW and various temperatures in a range from 10 K up to 290 K. The PL corresponding peak
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energy and the PL FWHM are plotted as a function of temperature in Figs. 4.5(b1) and 4.5(b2),

respectively. The red solid curves in Figs. 4.5(b1) and 4.5(b2) represent the temperature depen-

dence of the PL peak energy and the PL FWHM, respectively, for a typical ordered semiconduc-

tor. The temperature-dependent behavior of the PL peak energy as well as the PL FWHM for

studied Ga(AsBi) sample deviates obviously from that for typical ordered semiconductors. In

particular, the PL peak energy as a function of temperature shows a local minimum around T1=

50 K, i.e., the PL peak energy initially decreases (red-shift), then increases (blue-shift), and ulti-

mately decreases (red-shift). This non-monotonic temperature-evolution of the PL peak energy

is so-called S-shape behavior [94, 95]. Simultaneously, the temperature-dependent PL FWHM

shows a local maximum of about 80 meV placed around T2= 80 K. The aforementioned peculiar

behaviors of the temperature-dependent PL peak energy and the PL FWHM are widely observed

in disordered semiconductors such as Ga(NAsP)/GaP MQWs [71], Ga(NAs)/GaAs MQWs [76],

(InGa)N/GaN MQWs [94], (InGa)As/InP SQW’s [96], (GaIn)(NAs)/GaAs SQW [97], and

(GaIn)(NP) alloys [98].

The disorder-induced temperature-dependent PL features can be interpreted assuming that

localized excitons hop between localized states via phonon-assisted tunneling at low tempera-

ture regime [81]. In addition to this, an excited exciton is able to reach a far away localized

state performing several hopping processes that must inescapable include some hops to states

higher in energy. The latter transitions are probable only at relatively higher temperatures. In

particular, at very low temperatures, the PL emission arises primarily from the recombination

of excited excitons which are trapped by localized states in the energy band-tail, as illuminated

in Fig. 4.6(a). Here, an exciton can only hop to localized states at the same level (or lower)

in energy. On the other hand, the excitons do not reach the very deepest localized states; not

because of their incapability to hop to states lower in energy but due to their incapability to hop

to states higher in energy. However, with increasing temperature, excitons become mobile and

able to hop between localized states upward in energy, overcome local potential barriers, and

are thus able to reach localized states that are even lower in energy, Fig. 4.6(b). This results in an

initial red-shift of the temperature-dependent PL energy peak. When the temperature is further

increased, excitons’ hopping transitions upward in energy are so frequent that many excitons

do no relax downward in energy rapidly enough before the radiative recombination takes place,

Fig. 4.6(c). As a consequence, the temperature-dependent PL energy peak exhibits a blue-shift.

In the middle range of temperatures, Fig. 4.6(d), the excitons become more and more delocal-

ized and the PL peak energy shifts toward higher energies because of the thermal depopulation

of the band-tail states [78].

For even higher temperatures the majority of excitons are delocalized and, hence, PL spectra

are dominated primarily by the recombination of those excitons. As a result, the PL peak energy

ultimately exhibits a pronounced red-shift, following the typical temperature-induced decrease

of the band-gap energy due to the increase of the interatomic spacing with increasing tempera-

ture. The latter is typically described by the well-known Varshni’s empirical formula [99],

Eg(T ) = E0 − αT 2

T + β
, (4.2)

where E0 denotes the band-gap energy at zero temperature, and α and β are material-specific

constants.
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Figure 4.6: Schematic illustrations of temperature-dependent exciton dynamics in a typical dis-

ordered semiconductor.

The abrupt broadening, i.e., the rapid increase from 10 K to 80 K, of the PL FWHM is

imputed to the increase in the carrier mobility with the temperature, where localized excitons

recombine from a broader energy distribution of the localized states than in the case of lower

temperature [96]. The shrinking of the PL FWHM between 80 and 140 K is due to the declined

role of hopping transitions of localized excitons at the expense of the thermalization effect [78,

100]. The PL FWHM increases thereafter, reflecting the thermal broadening of the carrier

distribution [78]. The temperature-evolution of the PL FWHM (Γ(T)) in a typical ordered

semiconductor –in the presented case for the temperature range from 150 K to 290 K– can

be described by the following phenomenological expression [101, 102]:

Γ(T ) = Γ0 + ΓaT +
ΓLO

exp(�ωLO

kBT
)− 1

, (4.3)
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where, Γ0 is the inhomogeneous PL broadening which mainly results from the contribution of

disorder, i.e., impurities, crystal imperfections. Γa and ΓLO are coupling strengths of carriers

to acoustic and LO phonons, respectively. kB is the Boltzmann constant, and �ωLO is the LO

phonon energy. The red solid curves in Figs. 4.5(b1) and 4.5(b2)) represent fit-results obtained

from Eq. (4.2)[E0= 1.183 eV,α= 48.8 meV/K , and β=524 K] and Eq. (4.3) [Γ0= 73 meV, Γa=

2.38 μeV/K, ΓLO= 835.4 meV, and �ωLO= 88.7 meV] for the temperature-dependent PL peak

energy and PL FWHM, respectively.

In addition to the above-mentioned qualitative explanation for both presented disorder-

induced temperature-dependent PL features, a quantitative description for them is given in the

next chapter.

Figure 4.7: (a) the PL peak energy and (b) the PL FWHM as a function of temperature for

a Ga(NAsP)/GaP MQWs-sample with an N content of 3%, measured for various

excitation intensities.

Filling of Disorder-induced Localized States

The excitation-evolution of the temperature-dependent PL peak energy of a Ga(NAsP)/GaP

MQWs-sample is displayed in Fig. 4.7(a). Here, the excitation intensity is varied between 2

and 70 mW, while the temperature is increased from 10 K up to 300 K. All sets of experimental

data show the above-mentioned S-shape behavior. However, this feature becomes obviously less

visible when the excitation intensity is increased. In other words, the degree of low-temperature

blueshift of the PL peak energy as a function of temperature decreases with increasing excitation

intensity. A similar behavior has been reported for (GaIn)(NAs) SQW’s [103]. In contrast, as it

can be seen in Fig. 4.7(b), the position and the value of the local maximum in the PL FWHM as

a function of temperature shifts towards lower values with increasing excitation intensity: while

it is about 144 meV at 100 K for 2 mW, it drops to about 71 meV at 130 K for 70 mW.

These aforementioned observations can be attributed to the gradual weakening of the role of

disorder, since disorder-induced localized states are limited in number and ever more filled with
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Figure 4.8: PL thermal quenching in (a) a GaAs bulk structure (after Prutskij et al. [104]) and

(b) a Ga(NAsP)/GaP MQWs-sample with an N content of 3%, both were measured

under relatively low excitation conditions. The experimental data in (a) as well as

(b) is normalized to the PL intensity (I0) obtained at zero-temperature.

increasing excitation intensity [85]. However, the continued appearance of disorder-induced PL

features at even relatively high excitation intensities reflects the strong carrier localization in the

presented structure.

4.4.2 Photoluminescence Thermal Quenching

The PL thermal quenching, i.e., the temperature-induced decrease of the PL intensity, in typical

ordered semiconductors such as GaAs is presented in Fig. 4.8(a). The PL intensity gradually

decreases when the temperature is increased. However, the decline rate of the PL intensity is

lower at high temperatures. A dissimilar behavior of the temperature-dependent PL intensity

is observed in disordered semiconductors such as GaNAsP/GaP MQWs (Fig. 4.8(b)). In par-

ticular, a relatively weak thermal quenching of the PL is observed at low temperatures. This

is followed by a dramatic decrease of the PL intensity in an intermediate range of temperature

(50 K–230 K). For higher temperatures, the PL intensity shows a slow decline and saturates

close to RT. This abnormal behavior has been reported for Ga(AsBi) in the case of relatively

high excitation conditions [86]. However, the PL thermal quenching in the aforementioned

material (bulk as well as SQW) displays remarkably a different behavior under relatively low

excitation intensities [105, 106]. The squares in Fig. 4.9(b) represent the temperature-dependent

PL intensity of a Ga(AsBi)/GaAs SQW measured at an excitation intensity of 0.7 mW. Here, the

PL intensity decreases when the temperature is increased, then shows a weak thermal quenching

in an intermediate temperature range (55 K–115 K), and ultimately continues its decrease up to

RT.

In order to gain further insight into the origin of such unexpected behavior of temperature-

dependent PL intensity in disordered semiconductors, a study of the impact of the excitation

intensity on the shape of the PL thermal quenching is performed. Figs. 4.9(a) and 4.9(b)

show the temperature dependence of the PL decay time and the integrated PL intensity of a
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Figure 4.9: Temperature-dependent (a) PL decay time and (b) PL intensity of a Ga(AsBi)/GaAs

SQW with Bi content of 5.5%, measured for three different intensities. For the sake

of clarity, these results are normalized to the PL decay time (τ0) and the PL intensity

(I0) obtained for each excitation intensity at 11 K and shown in the insets in (a) and

(b), respectively.

Ga(AsBi)/GaAs SQW, respectively, carried out for three different excitation ranges. For the

lowest excitation intensity the PL shows a slow decay time of about 3.2 ns. As the temperature

is increased beyond 90 K, the PL decay time significantly decreases to about 0.1 ns at RT. On

the other hand, for a high excitation intensity of 100 mW, the PL decay time decreases from

0.37 ns to 0.08 ns when the temperature is increased from 11 K up to RT. Strikingly, the com-

parison between the temperature-dependent PL decay time at 0.7 mW and 10 mW shows that

while the PL decay time at 0.7 mW is longer than the one at 10 mW with rising temperature up

to 215 K, they behave oppositely for higher temperatures. Furthermore, at 10 mW, the decrease

rate of the PL decay time between 11 K and RT is lower than for other excitation intensities,

as can be seen in the inset of Fig. 4.9(a). In contrast, while the PL intensity decreases by more

than one order of magnitude at 10 mW, it quenches at 0.7 mW twice as rapidly as at 100 mW

with increasing temperature up to RT. This is shown in the inset of Fig. 4.9(b).

Generally speaking, with increasing temperature, the decrease of the PL decay time is ac-

companied with the quenching of the PL intensity for all excitation regimes. Thus, the short-

ening in the PL decay time is mainly associated with a competition between radiative and non-

radiative recombination channels, as widely discussed for dilute bismide and/or nitride semicon-

ductors [6, 67, 76, 78, 94, 107, 108, 109]. In particular, for low excitation intensities, radiative

recombination of localized excitons is expected to significantly contribute to the decay dynam-

ics at low temperatures leading to a rather slow decay. However, when the excitation intensity is

increased, the particular low-temperature features disappear, i.e., the temperature-dependent PL

intensity shows a gradual decrease without any odd decline, since all localized states are filled

–under high excitation conditions– and, hence, the PL originates mainly from band-to-band

transitions. Simultaneously, the PL decay becomes faster due to the increasing contribution of

non-radiative recombination. For higher temperatures, as non-radiative channels are thermally
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Figure 4.10: (a) the solid blue line denotes the PL spectrum of a Ga(NAsP)/GaP MQWs-sample

with an N content of 4%, obtained for an excitation intensity of 3 mW at 10 K.

Green circles show corresponding PL decay times for different emission ener-

gies. The solid red line represents a fit generated using the Gourdon and Lavallard

model [82]. (b) selected transients for some emission energies. The transients are

normalized and shifted vertically, for the sake of clarity.

activated [110], the decay time decreases. However, the unexpected behavior of the excitation-

dependent PL decay time at high temperatures will be discussed in Section 4.6.2.

It is worth noting that the shape of the energy-distribution of localized states below the mo-

bility edge plays an essential role in the quantitative explanation of the peculiar behavior of the

PL thermal quenching in disordered semiconductors. A monotonous, e.g., exponential, distribu-

tion of localized states has been reported to be enough to interpret the low-temperatures flatten-

ing of the PL thermal quenching in Ga(NAsP) QWs [110], as can be seen in Fig. 4.8(b). In con-

trast, an approach with a non-monotonous, e.g., a combination of an exponential and Gaussian,

distribution-shape of localized states2 is indispensable to achieve a good agreement between

experiment and theory for the anomalous plateau in the PL thermal quenching in Ga(AsBi)

bulk layers, which is observed for relatively low excitation conditions [106]; cf. the squares in

Fig. 4.9(b).

4.5 Emission Energy Dependence

Fig. 4.10(a) shows the PL spectrum together with the PL decay time as a function of emission

energy for a Ga(NAsP)/GaP-MQWs-sample, measured under relatively low excitation intensity

at 10 K. The PL decay strongly depends on the emission energy; PL transient profiles for some

selected emission energies are shown in Fig. 4.10(b). In particular, a substantial increase with

almost two orders of magnitude is observed in the PL decay time with decreasing emission en-

ergy across the PL spectrum. The shortening of the PL decay times on the high-energy side of

2This will be discussed in detail in Chapter 6
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Figure 4.11: The emission energy dependence of PL decay time for a Ga(AsBi)/GaAs SQW

with Bi content of 5.5%, measured for an excitation intensity of 0.7 mW at various

temperatures. The blue solid line denotes the PL spectrum of presented structure

at 100 K.

the PL spectrum (above 1.37 eV) can be attributed to the exciton relaxation among the band-

tail states, i.e., the transfer of photo-excited excitons from higher energy states to lower empty

ones [82]. On the other hand, under presented excitation condition, these excitons can hop be-

tween band-tail states, i.e., localized states, through phonon-assisted tunnelling transitions [81].

The low-energy side of the PL spectra is dominated by radiative recombination of localized

excitons [80]. Given an exponential distribution of localized states, the emission-energy depen-

dence of the PL decay time can be fitted using Gourdon and Lavallard model [82], as it is shown

by the solid red curve in Fig. 4.10(b) (more details are found in the next chapter (Section 5.5.1).

Thermal Evolution

The emission-energy dependences of PL decay times at various temperatures for a

Ga(AsBi)/GaAs SQW are shown in Fig. 4.11. All measurements are performed for the same

relatively low excitation intensity. Below 100 K, the PL decay time strongly depends on the

emission energy and follows the above-mentioned behavior. However, this trend obviously

weakens with increasing temperature and disappears at RT.

These experimental observations are compatible with the qualitative description of carrier

dynamics that is given in Section 4.4.1 and schematically displayed in Fig. 4.6. In particular,

downward hopping relaxation transitions of localized excitons are dominant at low tempera-

tures. When the temperature is increased, localized excitons are more mobile and gradually

able to hop upward in energy. At high temperatures, most of the excitons are delocalized and,

furthermore, dissociated into the band states by thermal activation. When the rates of downward

and upward carrier-transfers –between energy levels– are equal, the PL decay time is quite in-

dependent on the emission energy, as can be seen at RT.
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4.6 Carrier Dynamics in Ga(As1−xBix)/GaAs Single
Quantum Well’s

In this section, the impact of the Bi content (x) on the carrier recombination dynamics in a set

of Ga(As1−xBix) SQW’s is investigated. The samples were grown by molecular beam epitaxy

(MBE) on semi-insulating GaAs substrates with Bi contents of x= 1.1%, 2.1%, 5.5%, and 6.0%.

More details on samples’ characteristics and preparation are found in Section 3.3.2. First, the

low-temperature PL emission of the studied structures is presented. Then, the temperature

dependence of the carrier dynamics is discussed in the second part of this section. Finally, the

PL thermal quenching together with the temperature-dependent PL decay time is described.

Figure 4.12: (a1) PL spectra and (a2) corresponding PL transients of Ga(As1−xBix) SQW’s,

measured for 2 mW and at 11 K. PL transients are normalized in the inset in (a2)

for the sake of clarity. The PL peak energy and the PL decay time as a function

of Bi content are plotted in (b1) and (b2), respectively. The solid red line in (b1)

represents a linear fit to the data points of PL peak energy with respect to the band-

gap energy of GaAs. The inset in (b1) shows some selected values of the absolute

slope of the band-gap narrowing vs. Bi content for different excitation intensities.
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4.6.1 Low-Temperature Emission

Fig. 4.12(a1) shows PL spectra of Ga(As1−xBix) SQW’s with different Bi contents, which are

measured at an excitation intensity of 2 mW at a lattice temperature of 11 K. The corresponding

PL transients are plotted in Fig. 4.12(a2) and are normalized in the inset of this figure for the sake

of clarity. As expected, the PL spectra shift toward the low energy-side with increasing Bi con-

tent. This reflects the band-gap shrinkage due to the valence-band anti-crossing interaction [45].

Based on a linear fit to the Bi content-dependent PL peak energy, plotted in Fig. 4.12(b1), the

absolute slope of the band-gap narrowing versus Bi content is 68±8 meV/%Bi with respect to

the band-gap energy of GaAs. The slope is reduced by about 10% when the excitation density

is increased by a factor of 10; the inset of Fig. 4.12(b1) shows absolute values of the linear slope

of the PL energy peak with Bi content for some selected excitation intensities. These values,

however, are in a reasonable agreement with previously reported ones [58, 66, 111].

On the other hand, all PL spectra display a similar asymmetric form a characteristic low

energy flank. The latter is attributed to the recombination of the electron-hole pairs trapped in

localized states. As mentioned above, the presence of the localized states in Ga(AsBi) semicon-

ductor alloys is attributed to disorder effects, i.e., an inhomogeneous distribution of Bi atoms

and, furthermore, the existence of Bi clusters within the alloy structure. Disorder effects re-

sult, however, in a broadening of the PL emission peak [58, 112]. In the present case of QW

structures, the fluctuations in the well thickness and/or strain can also lead to a certain degree

of exciton localization [25, 97]. However, no clear correlation between PL linewidths and the

variation of the Bi content is observed. Moreover, the increased Bi content in Ga(As1−xBix)

SQW’s has a weak influence on PL transients up to x= 5.5%. Yet, it becomes significantly

faster when the Bi content is raised to 6.0%, as shown in the inset of Fig. 4.12(a2). The PL

decay time gets reduced more than 10 times when the Bi content is increased from 5.5% to

6.0%; cf. Fig. 4.12(b2). This point will be discussed in more detail in the following sub-section.

4.6.2 Carrier Recombination Mechanism

Low Temperatures

The integrated PL intensity and the PL decay time of the studied QW structures are plotted as a

function of excitation intensity at 11 K in Figs. 4.13(a) and 4.13(b), respectively. A considerable

shortening in the PL decay time by about one order of magnitude is observed when the excitation

intensity is increased by three orders of magnitude. In contrast, the integrated PL intensity grows

linearly with increasing excitation intensity and then sub-linearly for high excitation intensities;

solid lines in Fig. 4.13(a) refer to the fits using Eq. (4.1).

The impact of the excitation intensity on the integrated PL intensity can be clearly discussed

in two regimes for all studied SQW’s. In particular, as the excitation intensity increases up to

10 mW, the values of the exponential factor α1 are 0.90, 1.05, and 1.27 for SQW’s with x=

2.1%, 5.5%, and 6.0%, respectively, whereas α1 is 1.15 for x= 1.1%, as the excitation intensity

is increased up to 2 mW. By a further increase in the excitation intensity, α2 are 0.40, 0.22, 0.33,

and 0.80 for the samples with x= 1.1%, 2.1%, 5.5% and 6.0%, respectively.
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Figure 4.13: Excitation-intensity dependences of (a) the integrated PL intensity and (b) the PL

decay time of Ga(As1−xBix)/GaAs SQW’s measured at 11 K. The solid lines in (a)

indicate the fits obtained using Eq. (4.1).

As it is disscussed in Section 4.3.1, the observed decrease of the PL decay time with in-

creasing excitation intensity, in the first excitation regime, is attributed to the dominance of

radiative recombination of the electron-hole pairs trapped in the localized states, resulting in a

nearly linear increase of the PL intensity as the α1’s are approximately one. When non-radiative

processes dominate, a decrease of the exciton lifetime should be accompanied with a sub-linear

behavior of the excitation-dependent PL intensity. This is indeed the case in the second excita-

tion regime.

A decreasing decay time of the PL together with a sub-linear increase of the PL inten-

sity, reflected in values of α2 significantly lower than one, is attributed to an increasing con-

tribution from capture processes into defect states as the excitons become delocalized and thus

more mobile. Besides, further non-radiative contributions from, e.g., Auger recombination pro-

cesses [90] and/or heating effects [73] are possible.

Thermal Evolution

For further investigation of carrier recombination mechanisms, the excitation dependence on the

PL decay time as well as the integrated PL intensity is studied for the sample with Bi content

of 5.5% at different temperatures of 11, 70, 130, 205, and 292 K. The corresponding data are

shown in Fig. 4.14. The PL decay time as well as the PL intensity decreases with increasing

temperature over the entire range of excitation intensities. However, the excitation-dependent

PL decay time can be distinguished in three major regimes, shown by vertical short-dashed

black lines in Fig. 4.14(a1), as follows:

1. When the excitation intensity is increased up to 2 mW, the PL decay time decreases

slightly at 11 K, shows very little dependence on the excitation intensity at 70 K

(Fig. 4.14(b1)), and then tends to increase with the excitation intensity for higher tem-

peratures (e.g., at 205 K, Fig. 4.14(b2)).
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Figure 4.14: (a1) the PL decay time and (a2) the integrated PL intensity as a function of exci-

tation intensity measured at different temperatures for the sample with Bi content

of 5.5%. The solid lines in (a2) indicate the fits obtained using Eq. (4.1). The

corresponding exponent α vs. the temperature is shown in the inset in (a2). (b1),

(b2), (b3), and (b4) show normalized PL transients for some selected excitation

intensities and temperatures.

2. By further increasing excitation intensity up to 10 mW, the PL decay time shows a weak

shortening for all studied temperatures. However, the PL decay time seems to be inde-

pendent of the excitation intensity at 292 K; cf. Fig. 4.14(b3).

3. For higher excitation intensities, an obvious decrease of the PL decay time is observed

when the excitation intensity is further increased (Fig. 4.14(b4)).

In contrast, the PL intensity grows proportionally with the excitation intensity according

to Eq. (4.1) and can be analyzed in two major ranges of the excitation intensity; one is from

0.1 mW to 10 mW and the second range is for higher excitation intensities up to 100 mW.

The solid lines in Fig. 4.14(a2) indicate the fits of the experimental results of the excitation-

dependent PL intensity, which are obtained using Eq. (4.1). The closed and opened circles in

the inset of Fig. 4.14(a2) show the yielded exponents against the temperature for the first range

of excitation intensity (α1) and for second one (α2), respectively.

Besides the influence of carrier localization effects, i.e., hopping relaxation processes

of localized excitons between localized states before their recombination [81], the unusual

excitation-dependent behavior of the PL decay time between 0.1 mW and 10 mW, with in-
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creased temperature is attributed to the competition between the radiative and non-radiative

recombination channels [110]. In particular, the localization of excitons has a considerable im-

pact on the carrier recombination at very low temperatures, resulting in a long PL decay time

under low excitation intensities. Furthermore, PL emission is primarily dominated by radiative

recombination of localized excitons [80], as above-moitioned in Section 4.3.1. However, the

carrier localization is weakened with increasing either the excitation intensity due to the satura-

tion effects of the localized states or the lattice temperature because of the thermal delocalization

of the excitons. Hence, the shortening of the PL decay time with increasing temperature is at-

tributed to the growing role of non-radiative recombination at the expense of the radiative one.

This conclusion is supported by the gradual change of the relationship between the PL inten-

sity and the excitation intensity from linear with α1=1.05 at 11 K to super-linear with α1=1.7 at

292 K (the inset of Fig. 4.14(a2)). A similar behavior is reported also in Ref. [112]. On the other

hand, for high lattice temperatures, the increase of the PL decay time with the excitation inten-

sity can be attributed to the population of the non-radiative centers, which become saturated at

a certain excitation intensity.

Under high excitation conditions, i.e., from 20 mW to 100 mW, a sub-linear increase of the

PL intensity with the excitation intensity is observed, independent on the lattice temperature.

The growing of the exponent α2 from 0.33 to 0.53 as the temperature is raised from 11 K

to 292 K, indicates a slightly reduced contribution of the energy loss processes from Auger

recombination and/or heating effects. The PL decay time decreases for all temperatures in a

similar way as can be seen in Fig. 4.14(a1).

4.6.3 Temperature-Dependent Photoluminescence Intensity

Figs. 4.15(a1) and 4.15(a2) show the PL decay time and the integrated PL intensity of the studied

Ga(As1−xBix)/GaAs SQW’s as a function of temperature, respectively, measured for an exci-

tation intensity of 2 mW. A strong decrease of the PL intensity, accompanied by a shortening

of the PL decay time is observed for all samples when the temperature is increased. However,

the sample with Bi content of 1.1% shows an even stronger decline of the PL intensity as well

as the PL decay time already in the temperature range below 100 K. Furthermore, at higher

temperatures PL spectra arise mainly from the emission of the barrier’s material (GaAs), as can

be seen in Fig. 4.15(b). The PL intensity related to the SQW with x= 2.1% (x=5.5% as well)

decreases slowly with increasing temperature up to a certain point of 150 K and then drops fast.

Also the low-temperature PL decay times in these samples are relatively long at with values

of around 1.5 ns and 1.2 ns for 2.1% and 5.5%, respectively. However, as the temperature is

increased beyond 90 K, the PL decay decreases significantly to about 0.06 ns and 0.15 ns for

2.1% and 5.5% at 292 K, respectively.

Fig. 4.15(c) shows, e.g., the temperature-dependent PL transient of the sample with a Bi

content of 2.1%. Furthermore, the PL intensity decreases by almost one order of magnitude

when the Bi content is raised from 5.5% to 6.0% over the whole temperature range. A very

short PL decay time of about 0.1 ns is observed at 11 K for the SQW with x= 6.0%. In addition,

the PL decay time for this sample is reduced by less than one order of magnitude when the

temperature is increased up to 292 K.
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The quenching of the PL intensity as well as the shortening of the PL decay time is mainly

associated with the competition between radiative and non-radiative processes. In particular,

radiative recombination of localized excitons is expected to contribute significantly to the decay

dynamics at low temperatures leading to a rather slow decay. For higher temperatures, as non-

radiative channels are thermally activated [110, 113], the decay time decreases.

Figure 4.15: (a1) the PL decay time and (a2) the integrated PL intensity of Ga(As1−xBix)/GaAs

SQW’s as a function of temperature measured at an excitation intensity of 2 mW.

(b) PL spectra of the QW with x= 1.1% as well as (c) PL transients of the sam-

ple with x= 2.1% is measured at an excitation intensity of 2 mW for different

temperatures.

The rapid degradation of the PL intensity as well as the PL decay time for the SQW with

x= 1.1%, is attributed to the small band-gap offset between the barrier and QW. In detail, the

photo-generated excitons in the QW are thermally activated and escape via GaAs barrier. More-

over, the dramatic decrease of the PL intensity as well as the corresponding decay time for the

SQW with x= 6.0%, in comparison to the other SQW’s, reflects an increased emergence of

structural defects and subsequent degradation of the material quality of the QW [114]. In other

words, the increased amount of the non-radiative centers leads to a decreased PL efficiency.
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4.7 Summary

A qualitative description of the most prominent PL features of disordered semiconductors is

given in this chapter. Here, the impact of the excitation intensity as well as the lattice tempera-

ture on the PL emission is systematically studied for some disordered Ga(NAsP) and Ga(AsBi)

nanostructures. The existence of disorder effects in a semiconductor leads to an increasing

density of the localized states, which results in an extension of the energy band-edges. This

is revealed by, e.g., a blueshift in the excitation-dependent PL peak energy. Furthermore, the

low-temperature PL emission is mainly dominated by the radiative recombination of localized

excitons. Besides, the PL decay time shows a strong dependence on the emission energy.

A peculiar temperature-dependent PL peak energy as well as PL linewidth is observed.

Here, hopping relaxation processes of localized excitons between localized states are convinc-

ingly involved to interpret these unexpected behaviors. Disorder-induced PL characteristics

become less visible when either the excitation intensity or the lattice temperature is increased.

In particular, the increasing excitation intensity results in a gradual filling of disorder-induced

localized states due to their finite number. On the other hand, localized excitons become mobile

with rising temperature. Yet, most of them are delocalized at high temperatures. The PL ther-

mal quenching as well as the shortening of the PL decay time in disordered semiconductors is

mainly associated with the competition between radiative and non-radiative processes. While

the quenching rate of the PL intensity decreases when the excitation intensity is increased, an

odd behavior for the corresponding PL decay time is observed. In detail, the PL decay time

shows firstly an increase and then a decrease as the excitation intensity is increased for high

temperatures.

Ultimately, the influence of Bi content on the optical properties and carrier dynamics in

Ga(As1−xBix)/GaAs SQW’s is investigated. This study demonstrates that the sample with

x= 5.5% has the best optical efficiency, in comparison to the other studied SQW’s.
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5 Hopping Relaxation of Excitons in
Disordered Semiconductors:
Energy Scaling of Disorder

5.1 Introduction

Most of the theoretical work in the field of semiconductors assumes an ideal picture of the

material’s structure, where the impact of disorder is ignored. Indeed, all materials show some

disorder at finite temperatures due to fundamental thermodynamics and kinetics of atomic mo-

tion within their structures. However, the disorder degree and thus its effects on the physical

properties of the materials differs from one to another. For example, amorphous semiconductors

(glass: amorphous SiO2) have more disorder than crystalline ones (quartz: crystalline SiO2).

A certain group of semiconductors possesses obviously disorder, the so-called disordered

semiconductors, e.g., dilute bismuth alloys; disorder in these structures is attributed to the po-

tential fluctuation associated with the Bi content as well as Bi clustering. Disorder can signifi-

cantly affect the electronic structure of semiconductors. In particular, the presence of disorder

within the material structure results in an increasing density of the localized states. This leads

to an extension of the band-edge toward lower energies, the so-called band-tail states [76]. Lo-

calized states, on the other hand, lead to significant changes in carrier dynamics, which can be

revealed, e.g., in photoluminescence (PL) spectra of disordered semiconductors.

The previous chapter illustrates the main PL features that are experimentally detected from

disordered semiconductors. In addition, a qualitative explanation of disorder-induced PL fea-

tures is given. This chapter, however, presents several models used to quantify the disorder po-

tential in disordered semiconductors by parameters which are called energy scales of disorder.

These scales are determined through comparison between simulated and experimental results

of PL spectra. This chapter is organized as follows. Section 5.2 summarizes experimentally-

observed disorder-induced PL features that are mainly analyzed in this chapter to estimate the

disorder scales. A phenomenological model with a single energy-scale of the disorder is in-

troduced in Section 5.3. This model has successfully interpreted the disorder-induced PL fea-

tures in some disordered semiconductors such as (GaIn)(NAs), but fails for some others like

Ga(NAsP). An extension of this model, presented in Section 5.4, was inescapable to correctly

reproduce the experimental observations for disorder-induced PL features in these materials.

The impact of the Bi content on disorder parameters in Ga(AsBi) single quantum wells is stud-

ied in Section 5.5, while the influence of the N content on the energy-scale related to the com-

positional disorder in Ga(NAsP) multi quantum wells is presented in Section 5.6.
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Figure 5.1: The blue curves in (a) and (b) represent the temperature dependence of the PL peak

energy (a) and the PL FWHM (b) for disordered semiconductors, respectively. The

dashed red lines in (a) and (b) indicate the PL features for typical semiconductors

The inset in (a) shows the low-temperature PL spectrum with logarithmic slope β.

The inset in (b) shows the PL decay time as a function of the emission energy.

5.2 Experimental PL Characteristics

The disorder-induced PL features, which will be analyzed in this chapter to estimate the disorder

scales, are

• An asymmetric spectral shape of the PL peak emission measured at low temperatures as

well as low excitation intensities. Given an exponential character of the low energy flank

of the PL spectrum, this behavior is characterized by the logarithmic slope (β) of this

character, i.e., the PL emission intensity vs. the emission energy (the inset of Fig. 5.1(a)).

• A strong dependence of the PL decay time on emission energy: the lower the PL emission

energy, the longer is the PL decay time. A typical spectral distribution of PL decay times

is represented in the inset of Fig. 5.1(b).

• A red shift, followed by an unusual blue shift, and then by a red shift of the temperature-

dependent PL peak energy, shown as a blue curve in Fig. 5.1(a). This behavior is typically

called S-shape, and is characterized by the temperature (T1), at which the PL peak energy

has its local minimum within the S-shape. This temperature T1 indicates also the maxi-

mum of the Stokes shift, i.e., the energetic difference between the absorption edge and the

PL emission maximum [115]. The dashed red curve in Fig. 5.1(a) indicates the behavior

of the temperature-dependent PL peak energy of typical semiconductors, which follows

the semi-phenomenological Varshni formula [99].

• A significant broadening of the PL linewidth in an intermediate range of temperatures,

corresponding with a local maximum of the temperature-dependent PL FWHM (FWHM:

full width at half maximum). This non-monotonous behavior is characterized by the
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temperature (T2), shown in Fig. 5.1(b). However, the behavior of the temperature-

dependent PL FWHM of typical semiconductors is represented by the dashed red curve

in Fig. 5.1(b).

In addition to the above-mentioned PL trends, an anomalous behavior of the PL thermal quench-

ing in disordered semiconductors is observed. This is, however, reserved for a separate chapter

(Chapter 6).

5.3 Baranovskii-Eichmann Model: Single Energy-Scale
of Disorder

In 1998, a phenomenological model with microscopic parameters has been suggested by Bara-

novskii et al. (further, BE-model: Baranovskii-Eichmann model) for an universally applicable

description of energy relaxation processes in disordered material structures such as quantum

wells (QWs) [81]. In this model, at very low temperatures as well as low excitation intensities

and directly after the excitation, the generated electrons and holes are captured as excitons into

localized states. The center-of-mass of such an exciton can perform phonon-assisted transitions

(hopping transitions) via uncorrelated localized states, which are spatially as well as energeti-

cally distributed. While the localized states are randomly distributed in space, the distribution of

their energies forming the band tail is considered either purely exponential or purely Gaussian.

However, the energy distribution of localized states in a two-dimensional rectangle of the linear

size N
1/2
0 containing N0 sites can be expressed in the general form [84, 100]

g(E) = Af

(
E

E0

)
, (5.1)

where A is the normalization parameter, E0 is the characteristic energy scale, and f(E/E0) is a

function that represents the shape of the band tail.

In comparison with theoretical models proposed earlier than the BE-model to interpret

disorder-induced PL features, the BE-model takes following aspects into account [81]:

• The dependence of the hopping transition rate on the distances between the localized

states: this dependence is very strong due to the spatial localization of excitons.

• The dependence of the hopping transition rate on the hopping distance –combined ener-
getic and spatial– of excitons between localized states, in the case of tunneling transitions:

since this dependence is assumed to be exponential (Eq. (5.2)), the rates for hopping tran-

sitions upward in energy are very low at low temperatures, and the rates for hopping

transitions downward in energy depend strongly on the energy of localized states as the

concentrations of available localized states differ at different energies. In other words, the

hop length between localized states varies depending on their energies.

As above-mentioned, during its lifetime (τ0) the exciton can perform hopping transitions. The

hopping transition rate from an occupied site i to an empty site j over a distance rij is determined

by the Miller-Abrahams expression [116]
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νij = ν0 exp

(
−2rij

α

)
exp

(
−Ej − Ei + | Ej − Ei |

2kBT

)
, (5.2)

where Ei and Ej are the energies of the states i and j, respectively, α is the decay length of

the exciton center-of-mass wave function in the localized states, and ν0 is the attempt-to-escape

frequency.

Since, from an experimental point of view, the excitons can relax independently from each

other in the case of low excitation intensities, their hopping and recombination are also inde-

pendently simulated. However, a large number of mutually independent excitons is taken into

account, where the decay rate of an exciton at site i is calculated as [81]

νi = τ−1
0 +

∑
j

νij , (5.3)

where τ−1
0 is the radiative recombination rate, which is assumed -for simplicity- independent of

both temperature and energy.
∑

j νij is the total hopping rate. The summation index j runs over

all possible target states.

In addition to the hopping relaxation of the excitons, the possibility of thermal activation

from a localized state with energy E into extended states above the mobility edge is introduced

by Rubel et al. [110]. The rate of thermal-activated transitions of excitons is given by

νa = ν0 exp

(
E

kBT

)
, (5.4)

Being thermal-activated to the mobility edge, excitons can either be captured by non-radiative

centers or they can be recaptured into radiative trapping sites. Taking into account the ratio of

the concentration of non-radiative centers (Nnr) to the sum concentration of non-radiative and

radiative recombination (Nr) centers, Nnr/(Nnr + Nr)
1, this opens the possibility to simulate

the thermal quenching of the PL intensity [110].

The next sub-section presents an example of utilizing the BE-model to obtain a quantitative

description of the energy scale of the disorder potential in (GaIn)(NAs) QWs.

5.3.1 Disorder in (GaIn)(NAs)/GaAs Quantum Wells

Quaternary (GaIn)(NAs) semiconductors alloys have received much attention in past two

decades due to their unusual physical properties [42] and potential application in long-

wavelength optoelectronic devices [117]. Bandgap engineering is achieved in these materials

by changing the In and/or N contents. However, the incorporation of In as well as N atoms

into GaAs affects dramatically the lattice of the host material due to the differences in size and

electronegativity from substituted anions. Consequently, (GaIn)(NAs) alloys inevitably possess

a certain degree of disorder due to inhomogeneous potential fluctuations of the alloy compo-

sition. Besides, imperfect interfaces lead also to disorder in the case of heterostructures, e.g.,

(GaIn)(NAs)/GaAs QWs [100].

1Here, it is assumed that the capture cross sections of radiative and non-radiative centers are equal.
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Figure 5.2: Experimental data for (a) the PL peak energy and (b) the PL FWHM vs. temperature

for two (Ga1−xInx)(N0.016As)/GaAs QW’s. The filled and open symbols correspond

to results taken from as-grown and annealed samples, respectively. The dashed

curves on panel (a) show the band-gap variation with temperature obtained by the

Varshni fit [99], while the solid lines in (a) and (b) are guides to the eye. (After

Rubel et al. [110])

The above-mentioned disorder effects result in an increasing density of localized states,

which significantly affects carrier dynamics, and thus the optical properties of the disordered

(GaIn)(NAs) semiconductor structures. This is typically reflected in a non-monotonous behav-

ior of the temperature-dependent PL peak energy as well as PL linewidth. Solid circles and

squares represent experimental results for the PL peak energy (Fig. 5.2(a)) and the PL FWHM

(Fig. 5.2(b)) for two as-grown (Ga1−xInx)(N0.016As)/GaAs QW’s with x= 30% and x= 38%,

respectively.

Kinetic Monte-Carlo simulations based on the BE-model have been performed by Grün-

ing et al. [118] to explain the disorder-induced PL features of (GaIn)(NAs) QW’s, taking into

account an exponential shape of the band tail. Thus, Eq. (5.1) can be written as follows

g(E) =
N0

E0

exp

(
E

E0

)
, (5.5)

where E0 is the energy scale of disorder and N0 is the number of localized states. This choice

of an exponential distribution of the localized states stems from the exponential low-energy tail

of PL spectra at low temperatures and low excitation intensities. However, using a Gaussian

energy distribution to describe localized states within BE-model fails to fit disorder-induced PL

features in (GaIn)(NAs) QW’s [118], since it results in a saturation of the temperature-evolution

of the PL linewidth at high temperatures that indeed disagrees with experimental observations.
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The characteristic-energy scale of disorder potential E0 is quantified through comparison

between simulated and experimental results and can be determined by means of some experi-

mentally observed PL characteristics [100], in particular

β = E−1
0 (5.6a)

where β is the logarithmic slope of the low-temperature PL spectra in its deep-energy part,

FWHM(0) = (2.5− 2.7)E0 (5.6b)

where, FWHM(0) is the full width at half maximum of the PL spectra at low temperature, and

kBT1 = (0.75− 0.80)E0 , (5.6c)

kBT2 = (1.10− 1.15)E0 (5.6d)

where T1 and T2 are the temperatures corresponding to the local minimum of the PL peak energy

and to the local maximum of the FWHM. Using these relations to estimate the value of E0, it is

found that E0 range between 4–7 meV and between 5–10 meV for the considered samples with

x= 30% and x= 38%, respectively.

An interesting utilization of the BE-model and the relations derived therefrom is to quantify

the effect of the annealing on compositional/potential fluctuations in disordered semiconduc-

tors. Fig. 5.2(a) and Fig. 5.2(b) show the experimental results for the PL peak energy and the

PL FWHM of annealed (Ga1−xInx)(N0.016As)/GaAs QW’s with x= 30% (open circles) and x=

38% (open squares), respectively. From the effect of the annealing on PL spectra of the con-

sidered samples it can be recapitulated that the general trends of disorder-induced PL features

still appear but less pronounced in comparison with as-grown QW’s. Quantitatively, the values

of E0 decrease by about 20% for annealed samples in comparison with that for as-grown sam-

ples [100]. This results from the improvement of the crystal quality in annealed samples. In

particular, due to the annealing process, compositional fluctuations are smoothed [119], nitrogen

local environment is changed [120], and the nitrogen complexes (N-clusters) are broken [121].

5.4 Extension of the Baranovskii-Eichmann Model:
Two Energy-Scales of Disorder

The BE-model has been successfully utilized to reproduce the disorder-induced PL features

in several disordered material systems like (GaIn)(NAs) quantum wells [100], GaP(N) bulk

materials [122], and (ZnCd)Se quantum dots (QDs) [123]. Despite this success, however, the

BE-model with a single energy-scale of disorder cannot correctly fit PL features in a certain

group of disordered semiconductors such as Ga(NAsP) quantum wells [84] and Ga(AsBi) bulk

structure [86]. An extension on the standard BE-model was inescapable for a good interpreta-

tion of the experimental observations in these materials. This has been realized by introducing

an additional energy-scale of disorder.

Next, the extended BE-model with two different energy-scales of disorder is discussed for

two disordered semiconductors, i.e., Ga(NAsP) and Ga(AsBi) bulk structures.
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5.4.1 Disorder in Ga(NAsP) Bulk Structures
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Figure 5.3: Temperature-dependent (a) Stokes-shift and (b) PL FWHM for the

Ga(N0.03As0.14P0.83) bulk structure. Solid circles indicate experimental results,

while simulated results using a single-energy-scale model and a two-energy-scales

model are represented by open rectangles and open circles, respectively. The solid

line in (c) indicates the experimentally-observed low-temperature PL spectrum.

PL spectra which are simulated using a single-energy-scale model and a two-

energy-scales model are represented by a dashed and a thin line, respectively. (d)

schematic representation of the bulk structure as an ensemble of cells. The insets

show schematic energy structures of different cells. (After Jandieri et al. [21])

The BE-model with above-mentioned discussion for (GaIn)(NAs) cannot well describe

disorder-induced PL features of Ga(NAsP) [21, 84]. This can be clearly seen from the obvi-

ous deviation between experimental and theoretical results, shown in Figs. 5.3(a)–5.3(c) for

Ga(N0.03As0.14P0.83) bulk structure2. Furthermore, the values of the characteristic energy scale

E0, estimated from the relations (5.6a)–(5.6b) based on the single-energy-scale model, are ul-

timately different: E0 ranges from 16 to 80 meV. Therefore, an extension of the conventional

one-energy-scale picture of disorder by introducing a second-energy-scale was found indispens-

able to obtain a reasonable agreement between simulated and experimental results of PL spectra

2More details on the extraction of the temperature-dependent Stokes-shift are found in Ref. [21].
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of Ga(NAsP) [21, 84]. The two energy-scales of disorder are defined by Jandieri et al., in the

case of Ga(NAsP) bulk structure, as follows [21]

• Long energy-scale of disorder (EL), represents the long-range disorder-potential arising

from compositional fluctuations.

• Short energy-scale of disorder (ES), represents the short-range disorder-potential due to

nitrogen-related clusters, which are typically expected to exist in dilute III-N-V semicon-

ductor alloys [79].

Since the long-range disorder potential can be approximated as a step-like function of spatial

coordinates, the whole bulk structure can be considered as an ensemble of three-dimensional

cells (Fig. 5.3(d)) with the linear size determined by the spatial scale of long-range disorder.

While the long-range disorder is fixed within each cell, the small-range disorder conditions

hopping dynamics, including the effective mobility edge. It has been also assumed that, due to

its finite lifetime, the exciton does hopping transitions and then will be captured by the recom-

bination centers in the same cell, where this exciton was originally created [21].

It is assumed that the energy distribution of the long-range disorder-potential steps has an

exponential shape and is given by

gL(ε) = Aexp

(
ε

EL

)
, (5.7)

and, within each cell, the energy distribution of the localized states determined by a short-range

disorder potential has also an exponential shape given by

gS(E − ε) = B exp

(
E − ε

ES

)
, (5.8)

where A and B are normalization parameters and both EL and ES are characteristic energy

scales. Here, the energy ε is measured from some energy level identified with the mobility

edge. The total energy distribution of the localized states in the whole bulk structure can be

calculated as a convolution of gL with gS ,

G(E) = C

∫ E

0

gL(ε) gS(E − ε) dε , (5.9)

where C is the normalization parameter, and it should be determined from the condition that

the concentration of localized states N0 is constant∫ 0

−∞
G(E) dE = N0 . (5.10)

Ultimately, the total DOS of the localized states is

G(E) =
N0

EL − ES

[
exp

(
E

EL

)
− exp

(
E

ES

)]
, (5.11)

Taking into account this double-exponential distribution of the DOS in Kinetic Monte-Carlo

simulations based on the BE-model, disorder-induced PL features of Ga(NAsP) bulk structure
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can be well reproduced; cf. Figs. 5.3(a)–5.3(c). Besides, a new set of relations between ex-

perimentally observed PL characteristics (β, T1, and T2) and both energy scales (ES and EL)

is revealed: 5.12a–5.12d [21]. In particular, the logarithmic slope β of low-temperature PL

spectra is estimated by EL and is independent from ES;

β = E−1
L , (5.12a)

while the disorder-induced PL features of the temperature-dependent PL peak energy as well as

PL FWHM are sensitive to ES , but insensitive to EL;

kBT1 = (0.75− 0.80)ES , (5.12b)

kBT2 = (1.10− 1.15)ES . (5.12c)

On the contrary, the low-temperature PL linewidth, FWHM(0) is determined by both ES and

EL;

FWHM(0) = 2.75ES + 0.85EL . (5.12d)

Since β is purely determined by EL(relation 5.12a), this means that the shape of the low-

energy side of low-temperature PL spectra is dependent only on the energy distribution of lo-

calized states in the whole sample and, on the other hand, does not absolutely depend on the

hopping transitions of excitons. In contrast, the abnormal temperature-dependent PL behavior

is primarily determined by the hopping relaxations of excitons between localized states that are

described by the short-range disorder, represented by EL (relations 5.12b and 5.12c).

For the considered sample, i.e., Ga(N0.03As0.14P0.83) bulk structure, the scaling energies are

estimated by the relations 5.12a–5.12d, and they are found to be ES= 17 meV and EL= 80 meV.

In the case of Ga(NAsP) QWs, the energy scaling of disorder is analyzed in a similar way

to that presented here. However, the long-range disorder-potential is attributed to long-range

interface imperfections between the QW and barriers, where the whole QW layer is considered

as a sequence of individual quantum-well-cells of different width. In contrast, short-range im-

perfections and/or alloy fluctuations within each of quantum-well-cells give rise to short-range

disorder-potential [84].

5.4.2 Disorder in Ga(AsBi) Bulk Structures

Similar to the effect of nitrogen in dilute III-V nitride semiconductors, the incorporation of

Bi atoms in GaAs causes a certain degree of disorder in novel Ga(AsBi). The disorder in

Ga(AsBi) is attributed to the potential fluctuation associated with the Bi content together with

the emergence of Bi clusters within the alloy structure [23]. The disorder in Ga(AsBi) leads to a

broadening in the density of localized states, corresponding with an extension of the band-edge

toward lower energies. This translates into, e.g, experimentally-observed peculiarities in the PL

spectra. In particular, the temperature-dependent PL peak energy as well as the corresponding

Stokes-shift3 exhibits the pronounced S-shaped behavior, while the temperature-dependent PL

3More details on the extraction of the temperature-dependent Stokes-shift are found in Ref. [124].
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(a1)

(a2)

(b1)

(b2)

(c)

(d)
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Figure 5.4: Temperature-dependent Stokes-shift and PL FWHM, obtained at different excitation

intensities, for a Ga(AsBi) bulk structure with Bi content of about 4%–5%, where

(a1) and (a2) are experimental results and (b1) and (b2) are simulated ones. The solid

lines are guides to the eye. (c) linear absorption (solid line) and PL (dots) at 2.5 mW

and 10 K. The inset in (c) shows the linear absorption on a logarithmic scale. (d)

schematic representation of localized states assuming two energy-scales of disorder

within Ga(AsBi) structure. (After Imhof et al. [86] and Imhof et al. [124])

FWHM shows a local maximum. Figs. 5.4(a1) and 5.4(a2) show the experimental data of the

dependence of the temperature on the PL peak energy and the PL FWHM for a Ga(AsBi) sample

with Bi content of about 4%–5%, respectively.

The energy scaling of disorder in Ga(AsBi) has been achieved through kinetic Monte-Carlo

simulations of the above-mentioned disorder-induced PL features [86]. Since a conventional

BE-model with a single energy-scale cannot bring the experimental and simulated results into

agreement, the introduction of an additional energy-scale was inevitable to well reproduce the

experimental observations from Ga(AsBi). Here, on the one hand, the long energy-scale of

disorder reflects the spatially large fluctuations of the Bi content, which are assumed to have

a Gaussian shape of the energy distribution, ∼ exp (−E2/2E2
L). The latter is strengthened by

the pronounced Gaussian band tail at low energies of the linear absorption spectrum at low

temperature, as shown in the inset of Fig. 5.4(c). On the other hand, the short energy-scale of

disorder subdivides the long one and is attributed to the spatially short fluctuations of the sites

among some cluster that have an exponential energy distribution, ∼ exp (−E/ES). According

to these assumptions, and as shown in Fig. 5.4(d), the excited exciton firstly exhibits transitions

between the sites regarding the long energy-scale of disorder. Thereafter, the same exciton

relaxes to some cluster and then performs hopping transitions regarding the short energy-scale

of disorder, i.e, between localized states within this cluster [86].
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Figure 5.5: (a) temperature-dependent PL peak energy for Zn(X,Te)/GaAs structures with dif-

ferent X contents. Here, X is either Se or S. (After Karcher [126]) (b) energy scale

of disorder (E0) as a function of Se/S content.

A good agreement between the experimental and simulated results for Ga(AsBi) has been

obtained by using this algorithm as can be seen on the left-hand side of Fig. 5.4. For the con-

sidered sample with Bi content of about 4%–5%, the short and long energy scales are estimated

from the comparison between experimental and simulated results; and they are found to be

ES= 11 meV and EL= 45 meV.

5.5 Fluctuation of Disorder Scales in Ga(AsBi)

Dilute III-V bismide (nitride) semiconductor alloys have received increasing attention in recent

years due to their potential application in long-wavelength optoelectronic devices. The desired

band gap is mainly achieved in these materials by varying the Bi (N) content. In particular, the

higher the Bi (N) content, the smaller the band gap is (or rather the longer the wavelength is).

On the other hand, the incorporation of Bi (N) in the III-V lattice results in essential amount of

disorder due to the differences in size and electronegativity from substituted anions [57]. Thus,

compositional fluctuations are expected in dilute III-V bismide (nitride) semiconductors alloys.

Intuitively, the degree of disorder potential in disordered semiconductors should increase

when the content of the fluctuating compositional component is increased due to the rise of the

absolute deviation of the composition from the average one [125]. An example is the increas-

ing content of X (X is either Se or S) in Zn(X,Te) [126]. Fig. 5.5(a) shows the temperature-

dependent PL peak energy for Zn(X,Te)/GaAs structures with different X contents. According

to the relation 5.6c between the PL characteristic temperature T1 and the energy scale of disor-

der E0, the latter increases with T1 accordingly. Fig. 5.5(b) shows E0 as a function of X content

in Zn(X,Te)/GaAs.
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In spite of the intuitive thought that the energy scales of disorder potential have to increase

with the concentration of the fluctuating compositional component, a decrease of these scales is

observed for the Ga(NAsP) MQWs when the N content is increased [21] (This will be discussed

in Section 5.6). However, in the case of Ga(AsBi) structures the energy scales of disorder show

a weak dependence of the Bi content [67]. In this section, a study of the impact of the Bi content

on disorder potential in Ga(AsBi) is presented. The samples used in this study are a series of

Ga(As1−xBix) single quantum wells (SQW’s), which were grown by molecular beam epitaxy

(MBE) on semi-insulating GaAs substrates with Bi contents of x= 2.1%, 2.1%, 5.5%, and

6.0%. More details on samples’ characteristics and prepration are given in Section 3.3.2. The

experimental techniques employed are continuous-wave (CW) and time-resolved PL (TRPL).

Two theoretical models are used to quantify the disorder-parameters, i.e., energy scales of

disorder, in considered Ga(AsBi) samples:

• The Gourdon and Lavallard model: a straightforward model with a single energy-scale is

based on the carrier dynamics at very low temperatures.

• The extended BE-model model: an excitonic hopping model with two energy-scales is

based on disorder-induced features of PL spectra.

5.5.1 Gourdon and Lavallard Model

In order to characterize the distribution of the localized states in Ga(As1−xBix)/GaAs SQW’s,

the dependence of the emission energy on the PL decay time is studied. The PL decay times

against the emission energy for the four SQW’s are shown as circles in Figs. 5.6(a1)–5.6(a4),

measured at a temperature of 11 K and an excitation intensity of 1 mW. The PL decay times

are determined from the spectrally integrated PL transients across ±5 meV. A large increase

in the PL decay time with decreasing energy is obviously observed for all samples as well.

For the low emission energies of the PL spectrum, the radiative recombination is predominant

due to strongly localized electron-hole pairs [127]. While, at the high energy side of the PL

spectrum the carriers perform tunneling transitions toward the lower energies which lead to a

shorter decay time of the PL [82, 128].

The PL decay time as a function of the emission energy is analyzed using the Gourdon and

Lavallard model [82]. This model includes the mechanisms for the recombination as well as the

aforementioned relaxation of the charge carriers toward lower energies. According to Gourdon

and Lavallard model, the density of states is assumed to be exponential, ∼ exp(−E/E0) with

some characteristic energy (E0). Hence, the PL decay times as a function of the emission energy

are fitted by

τPL(E) =
τrec

1 + exp
(

E−Eme

E0

) , (5.13)

where τrec indicates the recombination lifetime and Eme is the energy at which the relax-

ation rate of an electron-hole pair toward lower-lying localized states and the recombination

rate are equal. In this context, Eme plays a similar role as the mobility edge. The solid lines in

Figs. 5.6(a1)–5.6(a4) are obtained from the fit to the measured data using Eq. (5.13). The ob-

tained fitting parameters of the τrec together with Eme are summarized in Fig. 5.6(b) and E0 in
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Fig. 5.6(c) as a function of the Bi content. Eme decreases linearly with increasing Bi content, re-

flecting the narrowing of the band-gap energy. The reduction rate of Eme is −64±14 meV/%Bi,

which is in a good agreement with the decrease of the PL peak energy of these structures (Sec-

tion 4.6.1). The τrec exhibits an analogous behavior as the overall PL decay time. Up to x= 5.5%,

the τrec is relatively long, and then it strongly shortens by more than one order of magnitude for

the SQW with x= 6.0%. This point is already discussed in Section 4.6.1.

Figure 5.6: TRPL spectra for Ga(As1−xBix)/GaAs SQWs with Bi contents of (a1) 1.1%, (a2)

2.1%, (a3) 5.5% and (a4) 6.0%, measured under an excitation intensity of 0.7 mW

at 11 K. The red circles in (a1)–(a4) indicate the PL decay time as a function of

the emission energy, while green lines are the fits generated using Eq. (5.13). The

dependence of (b) the recombination lifetime τrec and the mobility edge Eme, and

(c) the energy scale E0 on the Bi content.

The obtained values of E0 are about 6, 15, 8, and 27 meV for x= 1.1%, 2.1%, 5.5%, and

6.0%, respectively. The variation of E0 shows a significant fluctuation with a slight tendency to

increase with Bi content. A similar behavior of both E0 and the low-temperature PL linewidth

(PL FWHM(0)) versus Bi content is obviously observed in Fig. 5.6(c) and 5.7(c), respec-

tively. The latter demonstrates the fact that the broadening of the PL spectrum is related mainly

to the density of the localized states in the low energy band tail of the PL spectrum.
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Figure 5.7: (a) temperature-dependent PL peak energy for Ga(As1−xBix) SQW’s. The inset in

(a) shows emperature-dependent PL spectra for the QW with x= 5.5%. The depen-

dence of (b) energy scales EL and ES , and (c) the PL linewidth on the Bi content.

The values of EL and ES are estimated according to the extended BE-Model. The

rhombuses in (c) indicate the variation of the PL linewidth; the blue closed ones are

determined from TRPL spectra measured under the excitation intensity of 0.7 mW

at 11 K, and the wine open ones are extracted using the relation 5.12d.

5.5.2 Extended Baranovskii-Eichmann Model

For further investigation of the impact of Bi content on the disorder in Ga(AsBi), and, on the

other hand, to verify the results arise from the Gourdon and Lavallard model in the previous

section, the extended BE-model by Jandieri et al. (Section. 5.4.1) is employed to estimate the

energy-scales of disorder for the same Ga(As1−xBix) SQW’s.

Although this model has been considered for the case of bulk structure, it is used, here,

for QW structures taking into account that the disorder scales can be defined as: (i) the long

energy-scale of the disorder (EL) is attributed to the potential compositional fluctuations [21]

and/or the possible imperfect interfaces between the QW and the barriers [97], and (ii) the short

energy-scale of the disorder (ES) arises from the presence of Bi clusters [86] as well as the short

range compositional fluctuations within the alloy structure.
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Experimentally, EL relates to the energy distribution of the localized states at low tem-

peratures and low excitation intensities and is determined from the logarithmical slope of the

low-energy flank of the low-temperature PL spectrum (relation 5.12a). While ES is extracted

using the relation 5.12b with respect to the temperature (T1) at which the PL peak energy has

its local minimum within the S-shaped behavior of the temperature-dependent PL peak energy.

Fig. 5.7(a) shows the temperature evolution of the PL peak energy for the four investigated

samples, taken under a relatively low CW-excitation density of 8 W/cm2 to prevent any satu-

ration of the localized states. The long energy scale EL is estimated to be about 25, 58, 34,

and 69 meV and the short one ES to be about 5, 10, 5, and 12 meV for x= 1.1%, 2.1%, 5.5%,

and 6.0%, respectively. Ultimately, the low-temperature PL linewidth PL FWHM(0) under low

excitation intensities is calculated according to the relation 5.12d. The obtained values of the

PL FWHM(0) for the investigated structures are compared to experimental ones that are taken

at 11 K in Fig. 5.7(c). An excellent agreement is obtained between the measured PL linewidth

and the estimation based on the analysis of the disorder scales.

Likewise to the above-mentioned discussion on the variation in the characteristic energy

scale E0, derived from the Gourdon and Lavallard model, EL and ES behave similar with in-

creasing Bi content, and obviously follow the PL linewidth; cf. Fig. 5.7(b). The fluctuation

of both EL and ES with increasing Bi content indicates that the density of the localized states

broadens differently for each sample. On the other hand, the low values of the energy scales

for the SQW with a relatively high Bi content of 5.5% indicate a comparatively weak disorder

potential and good optical properties of this particular sample. This is indeed desirable for long

wavelength applications. Since the disorder effects are essentially related to the growth condi-

tions, the performance of the optoelectronic devices would be enhanced if these conditions are

optimized specifically.

Discussion

The above-mentioned quantitative study of the energy-scales of the disorder in Ga(As1−xBix)

SQW’s undoubtedly demonstrates a peculiar dependence of the energy scales on the Bi con-

tent. In particular, two different theoretical models are used to estimate disorder energy-scales.

The extracted energy scales fluctuate tremendously when the Bi content is varied with a weak

tendency to increase with Bi content. However, the dependence of the energy-scales of the

short-range disorder ES is also performed for some Ga(AsBi) bulk structures. The results for

the temperature-dependent PL peak energy for the samples with different Bi contents of 2.9%,

3.2%, 4.2%, and 4.5% are shown on the left-hand side of Fig. 5.8, where red arrows indicate

the temperatures (T1’s) at which the PL peak energy curves have their local minima (within the

S-shape behavior).

The values of ES estimated by the relation 5.12b for these buk structures together with that

for Ga(AsBi) SQW’s studied in this thesis and other Ga(AsBi) structures previously presented

in literature [108, 112, 114, 129, 130, 131], are presented on the right-hand side of Fig. 5.8. All

Ga(AsBi) samples are grown by MBE technique, except the bulk structures studied in this work

that are grown by MOVPE technique.
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Figure 5.8: On the left-hand side: temperature dependence of the PL peak energy for the

Ga(As1−xBix)/GaAs bulk structure with different Bi contents, measured under an

excitation power of 1 mW. The red arrows indicate the temperatures at which the

PL peak energy curves have their local minima. On the right-hand side: compari-

son of the short energy-scale of disorder of this work and reports in the literature:

A [108], B [129], C [130], D [131], E [112], and F [114].

The behavior of ES with increasing Bi content can be roughly summarized as follows: it

increases when the Bi content is increased up to almost 3%–3.5%, decreases with increasing

Bi content in the range from 3.5% to 5.5%, and ultimately saturates or dramatically increases

for higher Bi content. The latter is attributed to the large increase of the defects within the

Ga(AsBi) structure [67], while the reason of the behavior of the disorder energy-scales in the

range of 3.5%-5.5% could be a consequence of an essential bowing of the valence band edge as

a function of Bi content and of a specific compositional dependence of the hole effective mass

in Ga(AsBi) compounds [132].

5.6 Energy Scaling of Compositional Disorder in
Ga(NAsP)

This section deals with a study of the influence of the N content on disorder in Ga(NAsP). A

set of Ga(NAsP) multi quantum wells (MQWs) with different N contents (xN ) as well as P

contents (xP ) is used for this study. The studied structures were grown on (001)-oriented GaP

substrate by metalorganic vapor phase epitaxy (MOVPE), where triple Ga(NAsP) layers were

sandwiched pseudomorphically between GaP barriers. More details on these samples are given
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Figure 5.9: (a) low-temperature PL spectra for Ga(NAsP) MQWs with different N contents. (b)

the long energy-scale of the disorder versus the N content.

in Section 3.3.1. In the following, the experimental results for disorder-induced PL features of

the studied MQWs are presented. The related disorder-scales are extracted from these results.

Then, an analytical theory of compositional fluctuations in semiconductor solid solutions is used

for a theoretical estimation of the energy-scale of the short-range disorder. In the last part of the

section, the band anti-crossing (BAC) model is employed in order to define the compositional

dependence of the band gap. Furthermore, a comparison between experimental and theoretical

results reveals some interesting characteristics of the studied structures.

5.6.1 Experimental Observations

Fig. 5.9(a) shows the normalized low-temperature PL spectra for the studied Ga(NAsP)

MQWs4. The PL peak energy and the PL FWHM are shown as a function of the tempera-

ture in Figs. 5.10(a) and 5.10(b), respectively. When the nitrogen content is increased, one

observes the following PL features

• For low-temperature PL spectra, both the PL peak energy and the corresponding PL

linewidth decrease.

• For the temperature-dependent PL spectra, the temperatures corresponding to the local

minimum of the PL peak energy as well as to the local maximum of the PL FWHM

decrease.

The decrease of the low-temperature PL peak energy is common in dilute III-N-V semicon-

ductors, e.g., N-containing III-V ternary alloys [76]. It can be well interpreted by the band-

anti-crossing (BAC) model, based on the interaction between the III-V semiconductor matrix

and resonant localized N states [48]. The other features, however, will be analyzed in next the

sub-sections on the basis of that they could be attributed to the decrease in the energy scale of

disorder with increasing N content.

4The experimental results for the sample with an N content of 2% are adopted from Ref. [125]
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Figure 5.10: (a) the PL peak energy and (b) the PL FWHM of Ga(NAsP) MQWs as a function

of the temperature.

Extraction of Disorder Energy-Scales

The disorder in Ga(NAsP) QWs is attributed to (i) long-range disorder (EL): the long-range

interface-imperfections between the QW and barriers and (ii) short-range disorder (ES): short-

range interface-imperfections and/or alloy fluctuations [84]. Taking into accounts these defini-

tions within the extended BE-model with a double-exponential DOS (Section 5.4.1), one can

extract the values of energy scales by means of the relations 5.12a, 5.12b, and 5.12c with

respect, of course, to the experimental PL characteristics, i.e., β, T1, and T2 (Section 5.2).

Both the long energy-scale EL and the short energy-scale ES decrease when the N content

is increased, as can be seen in Fig. 5.9(b) and Fig. 5.11(a), respectively. While EL continu-

ously decreases, ES saturates for relatively high N contents, i.e., between x= 4% and x= 5.2%.

Since the short range of disorder is conditioned by the compositional fluctuations, the trend of

ES is counterintuitive as the absolute deviation of the composition from the average one in-

creases with increasing content of the fluctuating compositional component (N in the case of

Ga(NAsP)). This point will be investigated in the next sub-section by applying an analytical

theory for compositional fluctuations.

5.6.2 Theoretical Analysis of Compositional Disorder

In this sub-section, the energy-scale of the short-range disorder will be theoretically extracted.

For this, one can utilize semiconductor solid solutions (alloys) as an example for the system with

this type of disorder. The disorder in such materials arises from the random spatial distributions

of their constitutive atoms that results in potential compositional fluctuations [1].

Binary semiconductor solid solutions AxB1−x (mixed crystals) are crystalline semiconduc-

tors in which the sites of the crystalline sub-lattice can be occupied by atoms of two different

types, A and B. Let M be the concentration of the whole sub-lattice’s sites, then x is the proba-

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



5.6 Energy Scaling of Compositional Disorder in Ga(NAsP) 67

Figure 5.11: (a) the short energy-scale of the disorder (ES or E0) as a function of the N content:

squares indicate experimentally obtained values, while the dashed line is estimated

from the BAC model taking into account a constant effective-mass of the exciton.

(b) the dependence of α on the N content: circles and dashed line are estimated

from the theory of compositional disorder and the BAC model, respectively, for

a constant value of the exciton effective-mass. The solid line shows the power

dependence between α, estimated from the theory of compositional disorder, and

N content.

bility that some of these sites are occupied by A atoms [133]. Since the energy-position of the

band edge depends on the composition x, the fluctuations in local x values appear in the band

edge, subsequently. Let us consider the impact of compositional fluctuations on the bottom of

the conduction band. Fig. 5.12 shows a possible schematic dependence of the conduction band

minimum Ec on the composition x. In particular, the local positions of the band edge Ec(x)

fluctuate around the average value Ec(x0) according to the fluctuations of the composition x

around x0, where the latter is the average composition for the considered volume R × R × R.

For small fluctuations Δx, one can use the linear relation

Ec(x0 +Δx) � Ec(x0) + αΔx , (5.14)

where α is the compositional variation of the conduction band edge:

α =

(
∂Ec(x)

∂x

)
x=x0

. (5.15)

Thus, in the considered volume R3, a potential well is formed with a height of the order

V � αΔx , (5.16)

where Δx can be determined from the ratio between the excess number of atoms A to the total

number of the sites among the considered volume [125], then,

Δx � (xM R3)1/2

M R3
, (5.17)
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Figure 5.12: Schematic drawing of the dependence of the conduction band edge Ec on compo-

sition x in a binary semiconductor solid solution AxB1−x.

hence,

V � α (xM R3)1/2

M R3
. (5.18)

An electronic level close to V will exist in this well, when V and R satisfy the inequality

V > �
2/mR2, where m is the electron effective-mass. If the opposite inequality is valid, the

well has no level at all.

As the energy V increases with decreasing R, the most effective of the wells are ostensibly

those with small R. On the other hand, potential fluctuations in a small volume R3, i.e., small

R, should be very deep in order to play any role since V > �
2/mR2 must be fulfilled to get any

localized states. So, it is necessary to find a compromise to set R in Eq. (5.18). However, the

lowest value of R can be determined from the boundary condition, V = �
2/mR2, and it is

R � M �
4

xα2 m2
. (5.19)

Substituting Eq. (5.19) into Eq. (5.18), the smearing of the band edge is found by Baranovskii

and Efros [134] of the order of

E0 � α4 m3 x2 (1− x)2

M2 �6
. (5.20)

This equation connects an experimental characteristic (E0) to some crucial material character-

istics (α and m). So, knowing the values of E0 provides useful information about the studied

Ga(NAsP) structures. However, to estimate E0, using Eq. (5.20) one should take some items

into account:

• Both following conditions are fulfilled: (i) due to the low excitation intensity the PL

spectrum is dominated by the recombination of correlated electron-hole-pairs forming

excitons [84, 127], and furthermore (ii) the spatial scale of exciton localization is essen-

tially larger than the exciton radius. Here, the exciton mass is a sum of electron mass and

hole mass, m = me +mh. One can use here the mass of heavy holes for mh owning to

their large density of states [125].

• What material component is responsible for the compositional disorder in
Ga(NAsP)? The fluctuations in both N and P contents provide localization centers for
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Figure 5.13: Temperature-dependent (a) PL peak energy and (b) PL FWHM for two Ga(NAsP)

MQWs with different P content and a constant N content of 4%.

excitons. While the fluctuation of the P content slightly affects both conduction- and

valence band-edges, the fluctuation of the N content mainly affects the conduction band

edge due to the extremely strong anti-crossing interaction [41, 42] between the localized

nitrogen states and the extended states of the semiconductor matrix.

From an experimental point of view, the values of αN = ∂Ec/∂xN � ∂Eg/∂xN in the

studied samples are in the range of 6–12 eV (Fig.5.11(a)), while the values of αP =

∂Eg/∂xP are in the range of 1.1–1.2 eV [36]. This can be also seen in the slight change

in the characteristic PL features when the P content, xP is increased from 6% to 7% for

a constant N content of xN= 4% (Fig. 5.13). The blue-shift of the PL energy peak in

Fig. 5.13(a) is attributed to the change in the QW width from 6.7 nm for xP= 6% to

5.4 nm for xP= 7%.

On the basis of above-mentioned facts, one can conclude that the disorder energy-scale

E0 given by Eq. (5.20) is mainly determined by fluctuations of the N content in the case

of Ga(NAsP). Thus, Eq. (5.20) can be specified for this case by using N content for x,

where M is represented by the concentration of sites for group V elements in Ga(NAsP)

structure.

• The localization of the carrier wave-function: the calculation of conduction- and

valence-band offsets for studied samples reveals that their values are ΔEc= 1.0 eV and

ΔEv= 0.5 eV, respectively. These values insure large depths of the QWs for conduction

and valence band edges. Hence, less than 10% of the electron wave functions can pen-

etrate into the GaP barriers, where no compositional disorder is present. For the hole

wave-function the effect is even less pronounced. Therefore, wave functions of electrons

and holes are taken into account to be primarily localized within the QW [125].
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Figure 5.14: Relative exciton effective mass as a function of the N content.

Comparison between Experimental and Theoretical Results

Assuming a constant effective mass m, one can extract the compositional variation of the con-

duction band edge α by inserting the values of the experimentally estimated energy-scale of

disorder ES into Eq. (5.20). Solid circles in Fig. 5.11(b) show the values of α as a function

of the N content xN . Besides, the solid line in Fig. 5.11(b) indicates the power dependence,

α ∝ x−0.64
N , between α and N content.

On the other hand, it is possible to obtain the relation between α and xN theoretically using

the BAC model. For a fair comparison, however, a constant effective mass of the exciton m is

taken into account through the analysis using the BAC model. This results in a power function

of α ∝ x−0.5
N , represented by a dashed line in Fig. 5.11(b) [125]. Yet, inserting this relation

into Eq. (5.20) results in an independence of the energy scale of the compositional disorder E0

on the nitrogen content xN , as shown in Fig. 5.11(b) by the dashed line. However, since the

experimental results evidence that the energy scale of the compositional disorder ES decreases

with increasing N content, one can conclude that a constant effective mass can be somehow

a poor approximation. Therefore, one should take m into account as a non-constant parame-

ter in Eq. (5.20). The exciton effective-mass in the studied samples can be predicted from the

comparison between the calculated and experimentally observed energy scales of the compo-

sitional disorder. In details, α can be calculated using the BAC model and then inserted into

Eq. (5.20). Thereafter, using the experimental values of the short energy-scale of the disorder

ES in Eq. (5.20) allows one to estimate the relative values of the exciton effective-mass that pro-

vide the best agreement between the experimental and calculated results [125]. Fig. 5.14 shows

the values of the exciton effective mass estimated by applying the above-mentioned manner.

The value of m varies with increasing N content with a trend to decrease up to xN=4, and then

it saturates for higher N contents.

Although an increase in the effective mass has been frequently reported for dilute III-N-

V semiconductors with increasing N content [41, 74, 89, 135], an opposite behavior is here

observed for Ga(NAsP)/GaP MQWs. Such a decrease in the effective mass with increasing N

content was reported in the case of Ga(NAsP) bulk structures. In particular, the effective mass
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in the (100) direction was found to decrease from 0.46m0 (0.23m0) for an N content of 1% to

0.25m0 (0.15m0)5 for an N content of 3%, both are for an As content of about 30% (70%) [136].

Despite the decrease in the value of the effective mass in Ga(NAsP) with increasing N content,

it is still higher than that for GaAs (m∗
GaAs = 0.07m0 [137]).

The theoretical analysis presented in this section shows that the reduced effective-mass and

the specific dependence of the conduction band edge on the N content can be the reason for the

reduced the energy scale of the compositional disorder in the Ga(NAsP) system.

5.7 Summary

A quantitative description of disorder-induced PL features in some disordered semiconductors is

presented in this chapter. Beside the shape of the density of states (DOS) in the disorder-induced

band tails, the origin of disorder effects is crucial for a well interpretation of non-monotonous

behavior of PL spectra in disordered semiconductors.

A phenomenological model (BE-model) with one energy-scale of the disorder is sug-

gested for the explanation of disorder-induced PL features. The key point of this model is

phonon-assisted hopping-transitions performed by localized excitons between localized states

before their recombination. The BE-model was applied successfully to analyze the disorder in

(GaIn)(NAs), where the DOS has in this case an exponential shape. The energy scales of the

disorder are determined through comparison between simulated and experimental results of PL

spectra.

An extension of BE-model was inescapable to correctly reproduce disorder-induced PL fea-

tures in some disordered semiconductors. This has been achieved by introducing an additional

energy-scale of the disorder taking into account the reason for the emergence of disorder within

the semiconductor structure. A double exponential shape of the DOS with two energy-scales is

suggested for a study of the disorder in G(NAsP), while a combination of Gaussian and expo-

nential energy-distributions of localized states is employed in the case of Ga(AsBi).

In spite of the intuitive thought that the energy scales of disorder potential should increase

when the concentration of the fluctuating compositional component is increased, these scales

show an odd dependence of the Bi content in Ga(AsBi) structures. In particular, the influence

of the Bi content on the disorder, i.e., energy scales of the disorder, in Ga(AsBi) SQW’s is

studied using two theoretical models: (i) a straightforward model with a single energy-scale is

based on the carrier dynamics at very low temperatures, and (ii) an excitonic hopping model

with two energy scales (extended BE-model) is based on the features of the PL spectra. The

extracted energy scales fluctuate tremendously when the Bi content is increased with a weak

tendency to increase with Bi content. However, a decrease of the energy-scale related to the

compositional disorder is reported in a range of Bi content from 3.5% to 5.5% for different

Ga(AsBi) structures.

A decrease of disorder energy-scales is observed when the N content is increased in

Ga(NAsP) MQWs. This peculiar behavior is theoretically analyzed for the energy-scale of

5m0 is the free electron mass.
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the short-range compositional-fluctuations. This analysis is supported by some calculations us-

ing BAC model. The reason of the decrease of the short energy-scale in Ga(NAsP) MQWs

is attributed to the decrease of both (i) the impact on the band structure, and (ii) the exciton

effective-mass.
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6 Quantitative Description of the
Photoluminescence Thermal
Quenching in Ga(AsBi)

6.1 Introduction

In recent years, disordered Ga(AsBi) semiconductor alloys have attracted increasing interest,

driven by not only their great potential in long-wavelength optoelectronic applications but also

their interesting physical properties. The disorder in these novel materials is attributed to po-

tential fluctuations associated with the Bi content [138] together with the existence of Bi clus-

ters within the alloy structure [24]. Furthermore, potential imperfect interfaces in the case of

Ga(AsBi) semiconductor heterostructures lead to an additional degree of disorder [25].

Disorder effects lead to an increasing density of localized states (DOS) and hence affect

drastically carrier recombination processes. Therefore, a good understanding of carrier recom-

bination mechanisms involved within Ga(AsBi) semiconductors indirectly provides informa-

tion about the quality of their structures. For this aim, photoluminescence (PL) spectroscopy

is widely used for investigating the optical properties of semiconductors andit has become a

key method for characterizing material quality [67, 112]. As above-presented in Chapter 4,

disorder-induced characteristics of temperature-dependent PL spectra are a non-monotonous

behavior of the temperature-dependent PL peak energy (the so-called S-shape), a local maxi-

mum peak in the temperature-dependent PL linewidth within a narrow temperature range, and

a strong temperature dependence of the PL intensity. While unusual temperature dependences

of the PL peak energy and the PL linewidth reflect the phonon-assisted hopping-transitions of

localized excitons between localized states [81], the dramatic decrease of the PL intensity with

increasing temperature is attributed to the increased non-radiative recombination of thermally

delocalized carriers [110].

The anomalous temperature-dependent PL peak energy as well as PL linewidth for

Ga(AsBi) has been interpreted within the framework of a model with two spatial and energy

scales for the disorder potential [86]. Within this two-scale model the DOS below the mobility

edge is described by two different energy distributions: (i) a Gaussian energy distribution cor-

responding to the long-range disorder, conditioned by the fluctuations of the Bi content in the

alloy and (ii) an exponential energy distribution corresponding to a short-range disorder, which

was ascribed to Bi clusters. The spatially much more localized states of the exponential energy-

scale form an exponential tail for each of the spatially more extended states of the Gaussian

energy-scale. Hence, the overall DOS is a convolution of the Gaussian and exponential distri-
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bution of states. On the other hand, the thermal quenching of the integrated PL intensity within

this two-scale model has been treated using only the exponential DOS corresponding to the

short-range disorder. Such approach was motivated by the assumption that Gaussian states are

so much extended in space that an exciton being thermally excited from the exponential DOS

tail to the corresponding Gaussian state can encounter centers of non-radiative recombination

from this state.

The purpose of this chapter: in this chapter, it will be demonstrated that the conven-

tional theoretical models assuming a monotonous, e.g., exponential [86], DOS for the short-

range disorder cannot be considered as an universal approach for the correct description of

the temperature-induced PL quenching in Ga(AsBi) alloys. In particular, a peculiar feature

is experimentally observed in Ga(AsBi)/GaAs heterostructures under relatively low excitation

intensities, i.e., the temperature-induced PL quenching exhibits an anomalous plateau at inter-

mediate temperatures. However, the calculated results based on a well-approved theoretical

analysis prove that a non-monotonic DOS with at least two different components is necessary

to explain the observed PL quenching. These components have different energy –but compa-

rable spatial– scales. The localization length of the states in both components of the DOS is

assumed to be so small that excitons can not encounter centers of non-radiative recombination

from these states. Instead, the excitons must be excited above the mobility edge in order to

recombine non-radiatively [139, 140, 141]. Therefore, in contrast to the two-scales model sug-

gested by Imhof et al. [86], both components of the DOS and, hence, both energy scales are

relevant for theoretical description of PL thermal quenching in Ga(AsBi) alloys.

The chapter is organized as follows. The experimental observations are given in Section 6.2.

Section 6.3 presents the theoretical treatment of the observed PL thermal quenching in the

framework of the suggested two-component model. Calculated results based on this theoretical

analysis are presented in Section 6.4. The impact of Bi content on fit parameters is shown in

Section 6.5. A number of points related to the presented theoretical analysis and the ensuing

calculated results are discussed in Section 6.6.

6.2 Experimental Observations

The samples used in this study are a series of Ga(As1−xBix)/GaAs heterostructures with Bi

contents of x = 2.9%, 3.2%, 4.2%, and 4.5%, which are grown by metal organic vapor phase

epitaxy (MOVPE) on undoped exact (001) GaAs substrates. More details on the samples’ char-

acteristics and preparation are found in Section 3.3.3. Temperature-dependent measurements

are performed using time-resolved PL (TRPL) technique, where the excitation intensity is set

to an average laser power of 1 mW for all measurements.

Fig. 6.1(a) shows PL spectra of the sample with Bi content of 4.2% measured at various

temperatures in a range from 10 K to room temperature (RT). At low temperatures PL emission

peaks are significantly broad and show an asymmetric lineshape with a low energy tail. This

reflects the fact that the dominant contribution to the PL arises from localized electron–hole

pairs [127]. The temperature dependencies of the PL peak energy together with the correspond-

ing full width at half maximum (FWHM), are shown in Fig. 6.1(b). They follow the main trends
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Figure 6.1: (a) temperature-dependent PL spectra of the Ga(AsBi)/GaAs heterostructure with Bi

content of 4.2%, measured at an excitation intensity of 1 mW. (b) the corresponding

PL peak energy together with PL FWHM as a function of the temperature. (c) the

temperature dependence of the integrated PL intensity.

common for disordered compound semiconductors (Section 4.4.1). In particular, the PL peak

energy exhibits a typical S-shape behavior with a local minimum around 70 K, whereas the PL

FWHM shows a local maximum of about 88 meV at a temperature of approximately 100 K.

These specific features are generally attributed to the hopping dynamics of photo-excited exci-

tons between the disorder-induced localized states [81].

In contrast to the temperature dependencies of the PL peak energy and the PL FWHM,

the thermal quenching of the integrated PL intensity, shown in Fig. 6.1(c), exhibits an odd

behavior as compared to common tendencies previously observed in disordered semiconduc-

tors, [21, 78, 110]. The prominent characteristic of the typical PL thermal quenching in disor-

dered semiconductors is a relatively weak temperature dependence at low temperatures, fol-

lowed by a dramatic decline in an intermediate range of temperature, and ultimately, by a

saturation close to RT. As an example, the typical temperature-induced quenching of the PL

intensity observed in Ga(NAsP)/GaP quantum wells [110] is shown in Fig. 6.2(a). Remarkably,

a similar behavior has been reported in Ga(AsBi) under relatively high excitation intensities [86]

(Fig. 6.2(b)). However, in the case of relatively low excitation intensities, the situation is es-

sentially different. The PL thermal quenching can be clearly distinguished in three regimes. A

plateau area (shaded area between 115 K and 235 K in Fig. 6.1(c)) with rather weak temperature

dependence separates two major regimes, where the quenching rate of the PL intensity is more

pronounced. A similar peculiar behavior of the PL thermal quenching in Ga(AsBi) has been

also previously observed [107].
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Figure 6.2: Experimental (symbols) and theoretical (lines) results for the temperature-

dependent PL intensity of (a) Ga(NAsP)/GaP (after Rubel et al. [110]) and (b)

Ga(AsBi)/GaAs (after Imhof et al. [86])

6.3 Theoretical analysis

The widely-known empirical formula for the expression of the temperature-induced decrease of

the PL intensity in amorphous semiconductors has an exponential form [72]

I(T ) = I0 exp

(
− T

T1

)
, (6.1)

where I0 is the PL intensity at T= 0 K and T1 is a characteristic temperature.

In 1979, Gee and Kastner [142] suggested a model for the description of the PL thermal

quenching in amorphous SiO2 giving some definition of T1 in Eq. (6.1). According to this

model, the PL intensity can be theoretically calculated by

I =

∫
g(ε) · p(ε,T ) dε . (6.2)

Here, g(ε) represents the distribution of activation energies for non-radiative processes, and it

has an exponential form

g(ε) =
1

kBT0

exp

(
− ε

kBT0

)
, (6.3)

with some characteristic temperature T0. kB is the Boltzmann constant. p(ε,T ) in Eq. (6.2) is

the probability of radiative recombination and can be obtained from the following ratio

p(ε,T ) =
νr

νr + νnr
, (6.4)

where νr and νnr are the radiative and non-radiative recombination rates, respectively. On the

other hand, the non-radiative recombination rate νnr is given by [142]

νnr = ν0 · exp
(
− ε

kBT

)
, (6.5)
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where ν0 is the attempt-to-escape frequency for the activation process. This leads to the proba-

bility of radiative recombination of the form

p(ε,T ) =

[
1 +

ν0
νr

exp

(
− ε

kBT

)]−1

. (6.6)

Substituting Eq. (6.3) and Eq. (6.6) into Eq. (6.2) indicates a proportional relation between T0

and T1.

Later, Orenstein and Kastner [139] and Street [109] ascribed the distribution of barriers to

the density of localized states g(ε) in the band tails of disordered semiconductors. Herewith

was assumed that non-radiative recombination occurs via thermal activation of photo-excited

excitons from radiative localized band tail states towards the mobility edge, since only mobile

excitons are able to reach the spatially remote centers of non-radiative recombination. Assum-

ing that the exciton thermally activated to the mobility edge does not necessarily recombine

non-radiatively but can be recaptured into a radiative state, the non-radiative recombination rate

can be expressed as

νnr =

(
σnrNnr

σrNr + σnrNnr

)
· ν0 · exp

(
− ε

kBT

)
, (6.7)

where ε is, here, the energy of the localized state measured from the mobility edge, and Nnr,

σnr and Nr, σr are the density and capture cross sections of non-radiative and radiative centers,

respectively. Eq. (6.7) together with the radiative recombination rate νr = τ−1
0 [110], where τ0

is the exciton lifetime, gives the following expression for the probability of radiative recombi-

nation

p(ε,T ) =

[
1 + ν0τ0

σnrNnr

σrNr + σnrNnr

exp

(
− ε

kBT

)]−1

. (6.8)

For a given density of localized states g(ε) and for the probability of radiative recombination

p(ε,T ) determined from Eq. (6.8), the temperature-dependent PL intensity can then be described

as

I(T ) = I0

∞∫
0

g(ε) · p(ε,T ) dε , (6.9)

where I0 is the PL intensity at zero temperature [142].

Next, Eq. (6.9) is applied to fit the experimental results for the PL thermal quenching in

studied Ga(As1−xBix)/GaAs heterostructures at relatively low excitation intensities.

6.4 Calculations

In the following, for simplification, it is assumed that the radiative and non-radiative centers

have the same capture cross section. Hence, Eq. (6.8) reads

p(ε,T ) =

[
1 + ν0τ0

Nnr

Nr +Nnr

exp

(
− ε

kBT

)]−1

. (6.10)
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Figure 6.3: The temperature-dependent integrated PL intensity (I) of the sample with a Bi con-

tent of 4.2%. Open circles in (a1) and (a2) indicate the experimental data, normalized

to the PL intensity at 10 K (I0). Solid lines in (a1) and (a2) represent calculated re-

sults obtained from Eq. (6.11) for purely exponential DOS (b1) and purely Gaussian

DOS (b2), respectively.

One can obtain the temperature dependence of the PL intensity by substituting Eq. (6.10) into

Eq. (6.9) with a particular DOS [106],

I(T ) = I0

∞∫
0

g(ε) ·
[
1 + ν0τ0

Nnr

Nr +Nnr

exp

(
− ε

kBT

)]−1

· dε . (6.11)

However, the shape of the energy distribution of the DOS plays a critical role as will be next

shown, where a monotonous DOS fails to fit the odd behavior of the PL thermal quenching in

Ga(AsBi), whereas a non-monotonous DOS succeeds.

6.4.1 Monotonous Density of States

To fit the experimental results for the PL thermal quenching in the Ga(AsBi) sample with

a Bi content of 4.2%, prominent energy distributions of the DOS in disordered systems are

used in Eq (6.11). In particular, trying to apply Eq (6.11) in combination with the commonly

used exponential DOS, g(ε) ∝ exp(−ε/σ) with some characteristic energy σ (Fig. 6.3(b1)),

one can clearly see that the calculated resultes cannot correctly fit the experimentally ob-

served temperature-dependent PL intensity. While the measured temperature dependence of
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the PL intensity shows a peculiar plateau at temperatures between 115 K to 235 K, no theo-

retical curves based on the exponential DOS can reproduce this behavior as illustrated by the

solid curve in Fig. 6.3(a1). Moreover, replacing the exponential DOS with a Gaussian DOS,

g(ε) ∝ exp(−ε2/2σ2) (Fig. 6.3(b2)), does not help to account for the plateau in the experimen-

tal results for the PL thermal quenching as illustrated by the solid curve in Fig. 6.3(a2).

6.4.2 Non-monotonous Density of States

Since a monotonous distribution of localized states below the mobility edge fails to reproduce

the plateau in the temperature dependence of PL intensity (Figs. 6.3(a1) and 6.3(a2)), combina-

tions of the two most prominent energy distributions in disordered systems is assumed,

g(ε; εM ,σ1,σ2) = (1− y) g1(ε; 0,σ1) + y g2(ε; εM ,σ2) , (6.12)

where g1 and g2 are either of exponential (gE) or Gaussian type (gG) with

gE(ε; εM ,σ) = Θ (ε− εM)
1

σ
exp

(
−ε− εM

σ

)
, (6.13)

and

gG(ε; εM ,σ) =
1√

2π σΦ
(
εM
σ

) exp

[
−1

2

(
ε− εM

σ

)2
]

. (6.14)

Here, Θ and Φ denote the Heaviside step-function and the normal cumulative distribution func-

tion, respectively, and σ1 and σ2 are characteristic energies. Four different distribution functions

arise from this definition of g(ε), a double exponential DOS, a double Gaussian DOS, and two

composite DOS’s with exponential and Gaussian parts. In the two cases of g2 = gE , a mathe-

matical unsteadiness appears at εM in the DOS due to the Heaviside step-function which may

seem unphysical. Despite this artificial structure of the unsteady DOS, all four distributions

will be attempted in order to account for the experimental data. Considering εM , σ1 and σ2

as fitting parameters, an excellent agreement is obtained between the measured temperature-

dependent PL intensity and theoretical curves, calculated by applying Eqs. (6.11)–(6.14) for all

four possible combinations of the DOS. This is shown in Figs. 6.4(a1)–6.4(a4) along with the

corresponding shape of the DOS in Figs. 6.4(b1)–6.4(b4) for the “exponential plus exponen-

tial”, “exponential plus Gaussian”, “Gaussian plus exponential” and “Gaussian plus Gaussian”

distributions, respectively.

The respective contributions from the first (1− y) g1 and second y g2 parts of the DOS to the

overall PL intensity are also depicted in Figs. 6.4(a1)–6.4(a4) by short-dashed green and long-

dashed red curves, respectively. The corresponding values of fitting parameters εM , σ1, σ2 and y

are summarized in Table 6.1. Around y = 10% of the states of the composite g(ε) are provided

by the second parts g2(ε; εM ,σ2) whose maxima εM vary between 129 meV and 155 meV. The

characteristic energies σ1 and σ2 of the two parts of the composite DOS lay between 17 meV

and 33 meV. It should be noted that the given values of y, εM , σ1 and σ2 do also depend upon

the parameter ν0τ0(1 +Nr/Nnr)
−1 which is set to 10−3 after Ref. [86].
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Figure 6.4: Experimental (open circles) and calculated (lines) results for the temperature-

dependent PL intensity of the sample with x= 4.2% for either (a1) double–

exponential, (a2) exponential–plus–Gaussian, (a3) Gaussian–plus–exponential, or

(a4) double–Gaussian DOS’s. (b1), (b2), (b3), and (b4) show the densities of local-

ized states g(ε) as a function of the energy difference ε from the mobility edge for

each of the solid lines in (a1), (a2),(a3), and (a4), respectively.
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Table 6.1: Fit parameters, obtained by minimizing the deviations of I(T ) calculated

with Eq. (6.11) from the measured one, for various DOS’s extracted from

Eqs. (6.12)–(6.14).

g1 g2 y σ1 σ2 εM
(%) (meV) (meV) (meV)

gE gE 9 22 17 139

gE gG 9 21 17 155

gG gE 14 33 23 129

gG gG 14 32 24 149

6.5 Impact of Bi Content

The experimental results for the temperature-dependent PL intensity of each of other

Ga(As1−xBix)/GaAs heterostructures are also theoretically discussed according to the above-

mentioned approach. An excellent agreement is obtained between the experimental results and

theoretical calculations for all studied samples. Figs. 6.5(a1)–6.5(a3) show the theoretical and

experimental results for the samples with x= 2.9%, 3.2%, and 4.5% in the case of the DOS

consists of exponential and Gaussian components (Figs. 6.5(b1)–6.5(b3)), respectively. The

corresponding fit parameters of energy-scales are summarized in Table 6.2.

The peak position εM of the second component of the DOS obviously decreases with rising

Bi content from around 190 meV for x = 2.9% to around 140 meV for x= 4.5%. This may be

explained with increasing repulsive interactions between neighboring localized centers, lattice

distortions, or the shift of the valence band edge as x increases. The width σ1 of the first part of

the DOS does also decrease with increasing Bi content from 31 meV for x= 2.9% to 12 meV for

x= 4.5%. This behaviour can be related to the shrinkage of the distribution of localized states

when the impurity band forms with rising Bi content [131]. Only the width σ2 of the second

part of the DOS shows no straight tendency as a function of Bi content.

Table 6.2: Fit parameters for Ga(As1−xBix)/GaAs heterostructures in the case of the DOS con-

sists of exponential and Gaussian components, respectively.

Bi-content σ1 σ2 εM
(%) (meV) (meV) (meV)

2.9 31 23 189

3.2 23 16 194

4.2 21 17 155

4.5 12 44 137
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Figure 6.5: Temperature-dependent integrated PL intensities of Ga(As1−xBix)/GaAs het-

erostructures with x= 2.9% (a1), 3.2% (a2), and 4.5% (a3) from experiment (open

circles) and theory (lines). The DOS consists of exponential and Gaussian compo-

nents, respectively. The densities of localized states g(ε) vs. the energy difference ε

from the mobility edge for each of the solid lines in (a1), (a2), and (a3) are shown in

(b1), (b2), and (b3), respectively.

6.6 Discussion

The theoretical analysis shows that the PL thermal quenching in Ga(As1−xBix)/GaAs het-

erostructures is well reproduced on basis of Eq. (6.11) together with the different two-

component DOS’s, extracted from Eqs. (6.12)–(6.14). From a computational point of view,

none of the four tested composite DOS’s is more favorable than others, even though, from a

physical point of view, the two steady combinations with g2 = gG are, of course, more reason-

able. This clearly demonstrates, however, how important is to extend the monotonous DOS,

i.e., adding further states to an exponential or Gaussian DOS tail, in order to fit the observed

temperature-dependent PL intensity with its plateau at intermediate temperatures. On the other
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Figure 6.6: The variation of the contribution rate of the radiative and non-radiative recombina-

tion to the PL with increasing temperature, represented by changing the thicknesses

of related arrows.

hand, the extension of the DOS is corresponded to the assumption of deep laying localized

states. While the non-radiative recombination effectively occurs only above the mobility edge,

trapped excitons in these deep states recombine radiatively, resulting in a very weak decrease

of the PL intensity at intermediate temperatures. According to our results, deep localized states

may be somewhere in the order of 100 meV away from the mobility (or band) edge. However, a

reliable number for the bandgap energy is scarcely achievable for some currently unknown pa-

rameters in the equations like the density of non-radiative centers or their capture cross section.

The Origin of the Observed Plateau in the Temperature-Dependent
PL Intensity

The plateau in the temperature-dependent PL intensity arises due to the following reason: at

low temperatures the PL intensity is dominated by excitons from the shallow part of the DOS

(g1) (Fig. 6.6(a)). Due to their energetic proximity to the mobility edge, these excitons get

rapidly quenched with rising temperature (Fig. 6.6(b)). On the other hand, the deeper laying

excitons in the second part of the band tail are hardly affected by thermal activation at low

temperatures. Thus, they keep the PL intensity at a certain level until their rates for non-radiative

recombination exceed the radiative recombination rate at high temperatures (Fig. 6.6(c)).

The Absence of Two-Peaks PL Spectrum

From the existence of deep localized states, one would intuitively expect the PL spectrum to

exhibit a distinct second peak which should be lower in energy and appears at intermediate
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Figure 6.7: (a) low-temperature PL spectra of Ga(AsBi) sample with Bi content of 0.4% (After

Francoeur et al. [143]). (b) temperature-dependent PL spectra for Ga(NAsP) MQWs

with N and P contents of 3% and 5%, respectively.

temperatures. Fig. 6.7 shows two examples where the presence of low-energy features in the

PL spectra of disordered semiconductors is clearly apparent: (i) multiple Bi bound states appear

at the low-energy side of low-temperature PL spectra of a Ga(AsBi) alloy structure with a Bi

content of 0.4% [143], and (ii) one can observe an additional feature on the low-energy flank

of the PL main emission-peak in the temperature dependent PL spectra of a Ga(NAsP) MQWs-

sample at intermediate temperatures. However, in the case of the studied sample with a Bi

content of 4.2%, there are no clear additional low-energy features appearing in the PL spectra

as can be seen in Fig. 6.1(a). The existing PL spectrum is very broad and, hence, might easily

cover two peaks.

In most cases, the PL features caused by a non-monotonous DOS cannot be clearly

distinguished due to, e.g., the short energetic distance between the localized states (or

bands) [67, 78, 86]. Furthermore the broadening of the PL emission from different localized

states (bands) results in an overlap between their PL spectra. At the end, all contributing PL

emissions are covered by an envelope curve, which is the detected PL spectrum. Therefore,

the non-existence of a second peak in the PL spectrum alone cannot be seen as indicator for

invalidity of the two-components DOS model proposed here.

Exciton Hopping Transitions

Eq. (6.11), which is the basis for the theoretical analysis, does not consider hopping transi-

tions of excitons between localized states. Such transitions are known to cause a flattening in

the temperature dependence of the PL intensity only at very low temperatures [110], at which

the experimentally observed PL thermal quenching has not yet started in the case of studied

Ga(As1−xBix)/GaAs heterostructures.

An excitonic hopping model is suggested by Rubel et al. [110] to fit the temperature-

dependent PL intensity in some disordered semiconductors such as Ga(NAsP)/GaP QWs
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(Fig. 6.2(a)). It is also applied to simulate the PL thermal quenching in Ga(AsBi) at relatively

high excitation conditions [86] (Fig. 6.2(b)). This model is based on Eq. (6.10) and takes into

account hopping dynamics of photo-excited excitons between the disorder-induced localized

states. The latter have an exponential energy distribution, g(ε) ∝ exp(−ε/ε0) with an energy

scale ε0. However, hopping processes do not essentially affect the thermal quenching of the PL

intensity at moderate temperatures under consideration in the case of Ga(AsBi) samples pre-

sented in this work. Therefore, Rubel’s theoretical approach [110] is valid to study the plateau

in the temperature-dependent PL intensity of Ga(As1−xBix)/GaAs heterostructures at interme-

diate temperatures.

Comparison with Conventional Two-Energy-Scales Model

Here, the conventional two-scales model, which was proposed for the quantitative description

of disorder-induced PL characteristics in Ga(AsBi) [86], is considered. The differences between

this conventional to the above-discussed two-components model are stressed in the following.

In both models, the DOS consists of two-energy-scales. However, in the two-scales model

the offset of the second exponential energy-scale follows the long-range fluctuations of the first
Gaussian energy-scale resulting in a convolution of both energy distributions, whilst in the two-

components model both energy distributions exist independently from each other resulting in

a simple summation of both distributions. Moreover, in the two-scales model excitons do not

need to be lifted above the mobility edge to recombine non-radiatively, but can be quenched

already in the states of the Gaussian DOS with their large localization lengths. As a conse-

quence of this assumption, the two-scales model reduces to an effective one-scale model with a

single exponential-energy-distribution with respect to the PL thermal quenching since exciton

quenching from localized states is driven only by the energetic difference to the states with a

non-radiative recombination channel. Even without non-radiative recombination in Gaussian

states, the DOS in the two-scales model would still be monotonous. Hence, the two-scales

model would be incapable to reproduce a plateau in the temperature-dependent PL intensity at

intermediate temperatures. An additional radiative channel, resulting from the extension of the

DOS, is essential to produce the nearly temperature-independent PL intensity in the intermedi-

ate range of temperatures.

6.7 Summary

A comparative experimental and theoretical study of the thermal quenching of the PL intensity

in MOVPE-grown Ga(As1−xBix)/GaAs heterostructures is presented. The dependence of the

PL peak energy as well as the PL FWHM on the temperature shows typical disorder-induced

characteristics. An anomalous plateau in the PL thermal quenching is observed at interme-

diate temperatures under relatively low excitation intensities, e.g., the PL intensity is nearly

temperature-independent in the range between 115 K and 235 K in the case of the sample with

Bi content of 4.2%. Previously, a model with a monotonous single-energy-scale DOS [110]

has been reported to be enough to fit the PL thermal quenching in disordered Ga(AsBi) semi-
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conductors under relatively high excitation intensities [86]. According to this model, hopping

relaxation dynamics of the excitons are taken into account to reproduce the observed flattening

in the PL thermal quenching at very low temperatures.

In contrast, it is demonstrated in this chapter that a theoretical analysis based on a well-

approved approach with a non-monotonous two-component DOS with two-energy-scales is in-

dispensable to achieve a good agreement between experiment and theory for the anomalous

plateau in the PL thermal quenching observed at lower excitation intensities. Besides, it is as-

sumed that an exciton thermally activated to the mobility edge does not necessarily recombine

non-radiatively but can be recaptured into a radiative state located below the mobility edge, i.e.,

a localized state. Several shapes of two-component DOS are used to fit the experimental data

of the PL thermal quenching.

By this means almost perfect matching between experiment and theory is obtained for all

studied samples. The non-monotonous DOS shapes imply the presence of deep-laying localized

states in the bandgap. Consequently, the observed plateau in the thermal quenching of the PL

intensity is considered as a hint for the existence of such deep localized states in the bandgap of

Ga(AsBi).

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



87

7 Summary

In this thesis photoluminescence (PL) spectroscopy measurements are performed in order to

characterize the disorder in semiconductor nanostructures. Two III-V-based semiconductors,

Ga(NAsP) and Ga(AsBi) are systematically studied by means of time-resolved PL spectroscopy

and continuous-wave PL spectroscopy.

The main disorder-induced PL features in these structures can be summarized in (i) a blue-

shift in the excitation-dependent PL peak energy, (ii) a strong dependence of the PL decay time

on the emission energy, (iii) a non-monotonous temperature-dependent PL peak energy and PL

linewidth, and (iv) a strong temperature dependence of the PL intensity and the corresponding

PL decay time. Hopping relaxation processes of localized excitons between localized states

are convincingly involved to interpret the aforementioned peculiar behaviors. The experimental

observations have demonstrated that disorder-related PL characteristics become less apparent

when either the excitation intensity or the lattice temperature is increased. Here, the increasing

excitation intensity results in a gradual filling of disorder-induced localized states because of

their finite number. On the other hand, with increasing temperature, localized excitons become

mobile and become delocalized at high temperatures. Consequently, PL intensity decreases

dramatically due to the increased non-radiative recombination of thermally delocalized carriers,

while the PL decay time behavior is fundamentally associated with the competition between

radiative and non-radiative processes.

Beside the need of a qualitative explanation, a quantitative description of disorder effects,

i.e., energy scaling of the disorder potential, is a task of crucial importance. This aspect is

also discussed throughout this thesis. In spite of the intuitive thought that the energy scales

of disorder potential should increase when the concentration of the fluctuating compositional

component is increased, these scales show an odd dependence of the Bi content in Ga(AsBi)

structures. In particular, the influence of the Bi content on the energy scales of the disorder, in

Ga(AsBi) single quantum well’s (SQWs) is studied using two theoretical models: (i) a straight-

forward model with a single energy-scale is based on the carrier dynamics at very low temper-

atures, and (ii) an excitonic hopping model with two energy scales is based on the features of

the PL spectra. The extracted energy scales fluctuate tremendously when the Bi content is in-

creased with a weak tendency to increase with Bi content. In contrast, in the case of Ga(NAsP)

multi-QWs (MQWs), a decrease of disorder energy-scales is observed when the N content is

increased. This peculiar behavior is theoretically analyzed for the energy-scale of the short-

range compositional-fluctuations. This analysis is supported by some calculations using the

band anti-crossing model. The reason of the decrease of the short energy-scale in Ga(NAsP)

MQWs is attributed to the decrease of both the impact on the band structure and the exciton

effective-mass.

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



88 7 Summary

Furthermore, an anomalous plateau in the PL thermal quenching in Ga(AsBi)/GaAs het-

erostructures is observed at lower excitation intensities. It is demonstrated in my thesis that a

theoretical analysis based on a well-approved approach with a non-monotonous two-component

DOS with two-energy scales is indispensable to achieve a good agreement between experiment

and theory for such a behavior. Here, it is assumed that an exciton thermally activated to the mo-

bility edge does not necessarily recombine non-radiatively but can be recaptured into a radiative

state located below the mobility edge, i.e., a localized state. Several shapes of two-component

DOS are used to fit the experimental data of the PL thermal quenching.

In conclusion, the systematic investigation carried out in this thesis led to a better under-

standing of disorder effects on the electronic structure and optical properties of Ga(NAsP) and

Ga(AsBi) nanostructures. This will be of importance for the development of semiconductor

devices based on these material systems.
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