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Abstract
A continuously increasing demand of bandwidth in communication and signal
processing systems challenges electronic and optoelectronic devices with speed limits of
~100Gbit/s restricted by properties of existing materials and device principles. However alloptical devices utilizing nonlinear properties of relatively new materials have an exceptional
potential to operate at bit rates of several Tbit/s. Intersubband transitions (ISBTs) in quantum
wells (QW) make it possible to achieve ultra-fast optical nonlinearities for all-optical
switching with acceptable control energies of <1pJ. The substantial conduction band offset of
~1.6eV in InGaAs/AlAsSb QWs ensures the compatibility of ISBTs with the
telecommunication wavelength around λ = 1550nm .
This work is focused on the investigation and development of ultra-thin
InGaAs/AlAsSb QW structures for Tbit/s all-optical switching in the telecommunication
wavelength range around λ = 1550nm employing exclusively ISBTs. With the systematic
studies based on experiments using polarization-resolved spectroscopy and modeling with a
self-consistent Schrödinger-Poisson solver, material band parameters, such as band-offsets,
effective masses and non-parabolicity coefficients were determined for the best fit of the
experimental data to the theoretical results. This allowed us to design and accurately predict
the linear and non-linear characteristics of ISBTs in the studied structures.
The successful accomplishment of the experimental results is tightly coupled to the
epitaxy and fabrication technology. In the scope of this thesis, the MBE-growth was
developed for the relatively new Sb-based material system of InGaAs/AlAsSb QWs. Multilayer heterostructures composed of binary (InP, AlAs), ternary (InGaAs, AlAsSb) and
quaternary (InGaAsP) alloys with the state-of-the-art crystalline quality were achieved
through optimisations of the growth parameters. Investigations of interfaces between InGaAs
and AlAsSb layers in the QW structures revealed intermixing of Sb and In atoms due to their
strong interdiffusion properties. These intermixing effects result in a deviation of the QW
potential from an ideal square-like shape and they generate roughness at the heterointerfaces.
As a consequence, an undesired shift of the ISBTs to lower energies occurs and a strong
broadening of the intersubband absorption (ISBA) peaks due to the interface roughness leads
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to high operation powers of the devices. The interdiffusion length was successfully reduced
from >2nm to <0.5nm by inserting AlAs spacer layers and by applying growth interruptions
at the interfaces, which allowed us to tune the ISBTs towards the telecommunication
wavelength range and to reduce the broadening of the ISBA peaks.
Deeply-etched ridge waveguides designed and fabricated in the course of this work
enabled the realization of inline devices for all-optical switching incorporating the studied
InGaAs/AlAsSb QWs. Coupling of two QWs with a thin barrier makes it possible to produce
a four-level system in the conduction band of the wells. Such a system can exhibit two ISBA
peaks corresponding to the E1 − E4 and E2 − E3 ISBTs. With our pump-probe experiments,
we demonstrated the capability of the studied CDQW structures to perform ultra-fast inline
all-optical switching in the telecommunication wavelength range. These structures can be
operated as single-wavelength switches at either λ = 1430nm or λ = 1730nm , employing the
E1 − E4 or E2 − E3 ISBTs, with the ISBA recovery times of 400fs and 2ps, respectively. They
can also be operated in a dual-wavelength mode which allows a straightforward separation of
signal pulses at λ = 1730nm from control pulses at λ = 1430nm by relaxed spectral filtering
at the output of the device.
In the last chapter of this thesis, perspectives on ultra-fast low-energy inline all-optical
switching based on ISBTs in InGaAs/AlAsSb QWs for practical applications are discussed
with respect to our experimental and modeling results.
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Zusammenfassung
Durch die stetig steigenden Kapazitätsanforderungen in der Signalverarbeitung und
Telekommunikation stösst die Entwicklung von elektronischen und optoelektronischen
Komponenten auf grosse Herausforderungen. Bei Übertragungsraten von ~100 Gbit/s
kommen die herkömmlichen Materialien und Funktionsprinzipien an ihre Grenzen. Geht man
aber über zu optisch-optischer Schaltung von Signalen, welche sich nichtlineare
Eigenschaften von relativ neuen Materialien zunutze macht, dann kann man aus dem vollen
Potential der optischen Signalbandbreiten von Glasfasern schöpfen, die im Bereich von
mehreren Terahertz liegen. Ultraschnelle optische Nichtlinearitäten, welche auf Intersubband
(ISB)-Übergängen in Quantentöpfen beruhen, ermöglichen optisch-optische Schaltung mit
erträglichen Schaltenergien von <1pJ. Der beträchtliche Leitungsbandabstand von ~1.6eV in
InGaAs/AlAsSb Quantentöpfen macht es möglich, ISB-Übergänge im Wellenlängenbereich
um λ = 1550 nm (typisch für Telekommunikation) zu nutzen.
Die vorliegende Arbeit konzentriert sich auf die Untersuchung und Entwicklung von
ultradünnen InGaAs/AlAsSb Quantentopf-Strukturen für Tbit/s optisch-optische Schaltungen
im Wellenlängenbereich um λ = 1550 nm, die ausschliesslich auf ISB-Übergängen beruhen.
Materialparameter

wie

Bänderabstände,

effektive

Massen

und

Nichtparabolizitätskoeffizienten wurden ermittelt indem experimentelle Daten systematisch
mit

theoretischen

Modellen

polarisationsaufgelöste

abgeglichen

Spektroskopie

wurden.

verwendet

und

Für

die

für

Experimente

die

wurde

Modellierung

ein

selbstkonsistenter Schrödinger-Poisson Solver. Die genaue Kenntnis aller Parameter erlaubte
es uns die linearen und nichtlinearen Eigenschaften der ISB-Übergänge in den studierten
Strukturen vorherzusagen und zu entwerfen.
Die erfolgreiche Gewinnung von experimentellen Resultaten hängt entscheidend von
der Epitaxie und Fabrikationstechnologie ab. Im Rahmen dieser Dissertation wurde das MBEWachstum

des

relativ

neuen

Sb-basierten

Materialsystems

von

InGaAs/AlAsSb

Quantentöpfen entwickelt. Durch Optimierung der Wachstumsparameter wurden mehrlagige
Heterostrukturen aus binären (InP, AlAs), ternären (InGaAs, AlAsSb) und quaternären
(InGaAsP) Verbindungen von höchster Qualität erzielt. Die Untersuchung von Übergängen
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zwischen InGaAs- und AlAsSb-Schichten zeigte eine Durchmischung von Sb- und InAtomen aufgrund deren starker Interdiffusionseigenschaften. Diese Durchmischungseffekte
führen zu einer Abweichung des Quantentopfpotentials von der idealen Rechtecksform, und
sie bewirken Rauhigkeiten an den Hetero-Übergängen. Als Folge davon treten unerwünschte
Verschiebungen der ISB-Übergänge zu tieferen Energien auf. Zudem werden durch eine
starke

Verbreiterung

der

Intersubband-Absorption

(ISBA),

welche

auf

die

Grenzflächenrauhigkeiten zurückzuführen ist, hohe Betriebsleistungen der Schaltelemente
nötig. Die Interdiffusionslänge wurde erfolgreich von >2nm auf <0.5nm reduziert, indem
AlAs Trennschichten eingefügt wurden und mittels Wachstumsunterbrüchen an den
Schichtübergängen. Dies erlaubte es uns die ISB-Übergänge in den TelekommunikationsWellenlängenbereich zu verschieben und die Verbreiterung der ISB-Übergänge zu
minimieren.
Tiefgeätzte Streifenwellenleiter, welche im Rahmen dieser Arbeit entwickelt und
fabriziert wurden, dienten der Realisierung von optisch koaxialen Bauelementen für optischoptische Schaltung mittels der hier untersuchten InGaAs/AlAsSb Quantentöpfen. Durch die
Kopplung von zwei Quantentöpfen über eine dünne Barriere kann ein Vier-Niveau-System im
Leitungsband erreicht werden. Ein solches System kann zwei ISBA-Spitzen aufweisen,
entsprechend den E1-E4 und E2-E3 ISB-Übergängen. Mittels Pump-Probe-Experimenten
konnten wir zeigen, dass unsere gekoppelten Quantentopf-Strukturen ultraschnelle optisch
koaxiale

Schaltung

im

Telekommunikations-Wellenlängenbereich

ermöglichen.

Die

Strukturen können als Einzel-Wellenlängen-Schalter bei λ = 1430 nm oder bei λ = 1730 nm
betrieben werden, durch Verwendung des E1-E4 bzw. des E2-E3 ISB-Übergangs. Die
entsprechenden ISBA Erholungszeiten sind 400fs und 2ps. Es kann aber auch ein ZweiWellenlängen-Betrieb gewählt werden, welcher am Ausgang des Elements eine einfache
Trennung der Signal-Pulse von den Kontroll-Pulsen durch spektrales Filtern erlaubt.
Im

abschliessenden

Kapitel

dieser

Dissertation

interpretieren

wir

unsere

experimentellen und theoretischen Resultate hinsichtlich praktischer Anwendung von ISBÜbergängen in InGaAs/AlAsSb Quantentöpfen für zukünftige ultraschnelle koaxiale optischoptische Schalter mit tiefen Schaltenergien.
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Chapter 1
Introduction

In this chapter the motivation and goals of this work are discussed in relation to
the state-of-the-art all-optical switches. The chapter starts with a brief introduction
to the concepts of optical networking, followed by a discussion on the most
advanced techniques and materials employed for all-optical switching. An outline
of the thesis is presented in the second part of the chapter.
.
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1.1. Motivation of this thesis and state-of-the-art
A continuously increasing demand of bandwidth in communication and signal
processing systems challenges electronic and optoelectronic devices with speed limits of
~100Gbit/s restricted by properties of existing materials and device principles. On the other
hand, all-optical devices utilizing nonlinear properties of relatively new materials have an
exceptional potential to operate at bit rates of several Tbit/s. In this section the motivation of
this thesis is discussed in relation to the state-of-the-art techniques and materials used for
ultra-fast all-optical switching.

1.1.1. Concepts of optical networking
The transmission capacity of optical networks is enabled by advanced techniques,
such as optical time division multiplexing (OTDM) and wavelength division multiplexing
(OWDM). In OWDM systems different channels transmitting different data streams are
multiplexed onto one optical waveguide at slightly different wavelengths, as schematically
illustrated in Fig.1.1.1.

Figure 1.1.1. Schematic representation of a OWDM system.
This technique allows to increase the throughput of the system by increasing the
number of channels. However, the use of many lasers, each of which must be tuned to a
specific channel wavelength makes this approach rather expensive and also challenging when
the number of channels increases.
Contrary to OWDM systems, OTDM is based on temporal multiplexing of different
data streams at a single wavelength, as schematically illustrated in Fig.1.1.2. Such a system
offers cost efficient networks with flexible architectures. A record single-wavelength channel
10.2Tbit/s signal transmission over 29km has been reported earlier this year [1].
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Figure 1.1.2. Schematic representation of an OTDM system.
A combination of ultra-fast OTDM and ultra-wideband WDM techniques is expected
to become a practical all-optical network with a transmission capacity in the range of
100Tbit/s. The highest total net data rate reported up to now has been achieved utilizing
WDM with 432 channels at 171Gbit/s, which allowed an overall transmission of 69.1Tbit/s
over 240km [2].

1.1.2. All-optical switches
In analogy to electronic transistors, all-optical switches are devices in which an optical
input beam controls the output of another optical beam. Since at terminals the data-processing
is still done electronically, ultra-fast all-optical switches are the key elements for
demultiplexing (DEMUX) of high data-rates of >100Gbit/s to bit-rates of 10-40Gbit/s, which
can be processed by the currently available electronic devices. At the transmitter side,
multiplexing (MUX) can be realized in a relatively simple fashion by introducing time delays
with passive elements for different data streams with respect to each other.
The key requirements, which have to be fulfilled in realization of an all-optical switch
include ultra-fast response (<1ps), low switching energy (<1pJ) and high extinction ratio
(>10dB). The device size and complexity have to be considered as well for possible
integration of devices for higher functionality. All-optical switching in the sub-Tbit/s range
has been successfully demonstrated with devices employing different concepts, such as
nonlinear fibre loops based on Kerr effect and Mach-Zehnder interferometers containing
nonlinear semiconductor optical amplifiers [3, 4]. More recent reports demonstrate all-optical
switching in the range of 1Tbit/s, employing interssuband transitions in InGaAs/AlAsSb
quantum wells and four-wave mixing in silicon nanowires [5, 6]. A number of other
promising approaches based on different concepts, techniques and materials, such as strong
light-confinement structures, electron spin polarization, carbon nanotubes, etc. have been
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suggested for all-optical switching [7-9]. However, in addition to various complications
related to the device fabrication, architecture complexity, etc., in order to reach the Tbit/s
range with these approaches, the speed issues still have to be overcome. In this section, the
most advanced devices for ultra-fast all-optical switching are discussed with respect to the
reported results and their different characteristics, such as switching speed, energy, extinction
ratio, etc. are summarised in Table 1.1.1.

Figure 1.1.3. Schematic representation of an all-optical switch based on a
nonlinear optical loop mirror.
Ultra-fast all-optical switching with fibre-based devices has been used in OTDM
experiments since more than ten years [10, 11]. These devices normally exploit Kerr-based
fibre nonlinearities in a Sagnac interferometer configuration. A nonlinear optical loop mirror
(NOLM), illustrated in Fig.1.1.3, is a typical Sagnac interferometer used in fibre-based alloptical switches [12]. In these devices the signal pulses are split into two pulse trains
travelling in opposite directions through the loop. When a control pulse of a sufficiently high
power is injected into the system, the signal pulse which co-propagates with the control pulse
in the same direction experiences a phase shift of π and couples into the output port. When
there is no control pulse, the signal pulses are mirrored back into the input port.
Demultiplexing of a 640Gbit/s signal down to 10Gbit/s has been successfully demonstrated
with a NOLM as early as in 1998 [3]. However, due to the weak fibre nonlinearities, long
fibres and high optical powers are necessary to ensure the functionality of such devices, since
the nonlinear phase shift ∆ϕ ∝ γ L f Pc in a fibre with a typical nonlinear coefficient

γ ~ 10 − 20W −1km −1 is proportional to the length of the fibre L f and to the power of the
control pulse Pc . Therefore, a large effort is being made for realization of semiconductorbased ultra-fast all-optical switches, which offer such advantages as significantly smaller
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device sizes compared to the cumbersome fibre-based devices and they provide prospects for
integration of several devices for higher functionality.

Figure 1.1.4. Schematic representation of an all-optical switch based on a symmetric
Mach-Zehnder interferometer with semiconductor optical amplifies in both arms.
A semiconductor optical amplifier (SOA) is one of the most studied nonlinear
elements for ultra-fast all-optical switching. The simplest SOA structure is very similar to the
semiconductor laser diodes and can be realized using bulk semiconductor materials acting as
an active nonlinear medium [13-15]. The performance of SOAs is being continuously
improved using more advanced structures based on nonlinearities in quantum wells (QW) and
quantum dots (QD) [16-19]. All-optical switching with SOAs is realised by employing crossgain modulation (XGM) and cross-phase modulation (XPM) nonlinear effects, which occur
due to the carrier density change in the active material induced by optical control pulses. The
switching speed of single SOAs is limited to several Gbit/s due to the slow band-to-band
carrier relaxation processes, which are in the range of 0.1-1ns. In order to overcome this
limitation, a symmetric Mach-Zehnder (SMZ) interferometer configuration with SOAs in
each arm, as illustrated in Fig.1.1.4, was suggested by Tajima et al [20].
In such an SMZ-switch, the SOAs are excited by short control pulses with an
appropriate time delay ∆τ ≥ τ bit corresponding to the bit-width τ bit , which allows to cancel
out the effect of slow relaxation and to achieve an ultra-fast switching response. Recently,
demultiplexing from 672Gbit/s to 10.5Gbit/s has been demonstrated with an SMZ-type alloptical switch with SOAs based on a bulk InGaAsP/InP active medium [4]. The main
drawbacks of this concept are related to the relatively complex architecture of the devices and
the residual long carrier lifetime effects.
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Figure 1.1.5. Schematic representation of an all-optical switch based on the
four-wave mixing technique.
An alternative concept to perform all-optical switching is based on the four-wave
mixing (FWM) technique. FWM is a coherent wave-generation technique, where a new wave
is generated through interaction of an input signal pulse and a strong pump pulse in a
nonlinear medium. This technique provides an instantaneous response and it has been
employed for all-optical demultiplexing with different nonlinear media, such as fibres, SOAs
and since recently with silicon and organic materials [21-25]. Contrary to the XPM-based
devices, the ones based on FWM do not require a complex architecture and they can be used
as

single

active

waveguide

devices

(Fig.1.1.5).

A

record-high-speed

all-optical

demultiplexing of 1.28Tbit/s signals to 10Gbit/s has been reported recently for silicon
nanowires [6]. However, power requirements for these devices are still rather high. The FWM
conversion efficiency η FWM is defined as follows [25]:

η FWM = e −α L ( γ LPc )

2

(1.1.1)

where L and α are the waveguide length and propagation loss, respectively, γ is the
nonlinear coefficient and Pc is the power of the control pulse. With typical nonlinear
coefficient γ ≈ 100W −1m −1 in silicon nanostructures and device length of L ≈ 5mm , FWM
conversion efficiency in the order of η FWM ≈ −40dB is obtained at average powers of control
pulses in the order of Pc ≈ 100mW .
One of the most recent approaches for achieving ultra-fast all-optical switching is
based on intersubband transitions (ISBTs) in the conduction band of quantum well structures
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[202]. The switching occurs mainly due to the nonlinear intersubband absorption saturation
effect, and the fast response times in the range of ~1ps are achievable due to the strong
electron-phonon interactions. The operation principle of a switch based on ISBTs is relatively
simple: when a strong control pulse at a wavelength resonant to the ISBTs is present, it
saturates the intersubband absorption, which makes the system transparent for the relatively
weak signal pulse at the same or nearly the same wavelength. In this case the switch is
considered to be in the “ON”-state. In the absence of control pulses, the relatively weak signal
pulses are absorbed by the system and the switch is considered to be in the “OFF” state. With
this approach no complex device architecture is required and a monolithic integration of
single waveguide devices with the sub-mm size is possible. A schematic representation of a
monolithically integrated active and passive waveguides of an all-optical switch based on
ISBTs is illustrated in Fig.1.1.6. This approach is discussed in more details in the next section
of this chapter. So far the fastest DEMUX operation employing ISBTs has been demonstrated
with InGaAs/AlAsSb coupled double quantum wells at an equivalent repetition rate of 1THz
[5]. However, as can be seen from Table 1.1.1, these devices still require improvements in
terms of the switching energy and extinction ration.

Figure 1.1.6. Schematic representation of a monolithically integrated active and
passive waveguides of an all-optical switch based on intersubband transitions in
quantum wells.
More recently, a novel operation mode employing ISBTs in InGaAs/AlAsSb coupled
double quantum wells was suggested by Tsuchida et al [26, 27]. In this mode the refractive
index change due to the intersubband absorption of a TM-polarized light gives rise to an ultrafast cross-phase modulation of a co-propagating TE-polarized light. Contrary to the operation
mode based on absorption saturation, insertion loss with this mode is significantly lower,
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since the modulated TE-polarized light is insensitive to the intersubband absorption. Hence,
an improved switching performance in terms of control power and extinction ratio was
achieved with the devices operated in this mode. A DEMUX operation from 160Gbit/s to
40Gbit/s has been demonstrated with the control pulse energies of 1.5pJ and extinction ratio
of >20dB [28]. These results highlight a high potential of devices based on IBSTs to perform
low-power ultra-fast all-optical switching in the future optical communication systems.
Table 1.1.1. Comparison of different devices for ultra-fast all-optical switching.
NOLM

SMZ-SOA

FWM

ISBTs

ISBTs XPM

Ref. [3]

Ref. [4]

Ref. [6]

Ref. [5]

Ref. [28]

640:10Gb/s

672:10Gb/s

1.28:0.01Tb/s

1THz

160:40Gb/s

Control

high

low

high

moderate

low

energy

>100pJ

~100fJ

<100pJ

~30pJ

~1pJ

ideal

ideal

ideal

moderate

ideal

ratio

>20dB

>20dB

>20dB

~10dB

>20dB

Device size

meters

>2mm

>2mm

<1mm

<1mm

Complexity

moderate

moderate

low

low

moderate

Fastest
experiment

Extinction

1.1.3. Intersubband transitions for all-optical switching
Intersubband transitions (ISBT) in the conduction band of a quantum well (QW),
which exhibit significantly shorter carrier relaxation times (~1ps) compared to ~1ns with
interband transtions (IBT) between the valence and conduction bands, make it possible to
achieve ultra-fast optical nonlinearities required for all-optical switching [29, 30]. A
schematic representation of ISBTs and IBTs in a single QW is illustrated in Fig.1.1.7. The
ultra-fast dynamic properties of the ISBTs have served as the main motivation of this work
with the original goal to realize an all-optical switching device based on these transitions.
Since the first experimental demonstration of all-optical modulation with ISBTs at a
wavelength of λ = 10.6 µ m in AlGaAs/GaAs quantum well structures, a tremendous effort
has been made to take advantage of theses ultra-fast transitions for optical-fiber-based
telecommunication devices [30-33]. In order to achieve ISBTs in the near-infrared
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wavelength region, QWs with a large conduction band offset are required. So far ISBTs at a
wavelength of λ ~ 1.55µ m have been demonstrated in GaN/Al(Ga)N, CdS/ZnSe/BeTe and
InGaAs/AlAsSb QW structures [34-40].

Figure 1.1.7. Schematic representation of intersubband and interband transitions in a
single quantum well.
The GaN/Al(Ga)N system, with the conduction band offset of ~2eV allows one to
achieve ISBTs over a relatively broad wavelength range around the telecommunication band
at λ = 1.55µ m . Intersubband absorption (ISBA) at a wavelength as short as λ ~ 1.1µ m was
demonstrated in GaN/AlN superlattice structures [41]. Due to a strong interaction between
electrons and LO-phonons, ISBA recovery times as short as 100fs were measured at a
wavelength of

λ = 1.55µ m in AlGaN/GaN QWs [42, 43]. However, piezoelectricity and

spontaneous polarization effects are very strong in this material system, and a special care
should be taken in designing the QW structures. Also serious challenges concerning the
crystalline quality, mainly due to the lack of a suitable substrate to grow on, have to be
overcome. Despite the design and growth challenges for this material systems, the observed
ultra-short ISBA recovery times and also dephasing times in the order of ~10fs lead to
relatively high pulse energies of ~100pJ required to obtained all-optical switching with these
structures [42].
After the first demonstration of ISBTs at a wavelength of λ ~ 3µ m in CdS/ZnSe
QWs, based on II-VI wide bandgap semiconductors, this material system has been explored
extensively for all-optical switching in the telecommunication wavelength range around
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λ = 1.55µ m [44, 45]. Ultra-short ISBA recovery times in the range of 200-400fs have been
demonstrated at a wavelength of =
λ 2.2 − 1.8µ m in ZnSe/BeTe QWs with the conduction
band offset of ~2.3eV [46]. However, at shorter wavelengths the ISBA recovery times
degrade to several ps due to an inter-valley transitions between the excited state EΓ ,2 at Γpoint in the ZnSe well and the X-valley state E X in the indirect-gap BeTe barrier, as
schematically represented in Fig.1.1.8a. To suppress the Γ-X transition a CdS layer was
inserted into the ZnSe well, as shown in Fig.1.1.8b, which increased the conduction band
offset to ~3.1eV and brought the excited state EΓ ,2 in the QW below the X-valley state E X of
the barrier without reducing the separation energy between the ground EΓ ,1 and excited EΓ ,2
states [37]. The most recent results with such heterostructures have demonstrated ISBA
recovery times of ~600fs at a wavelength of λ = 1.52 µ m [47, 48]. The authors reported 10dB
switching with a control pulse energy of ~7pJ. The growth of CdS/ZnSe/BeTe layers is
normally realised on commonly used GaAs substrates with a relatively small lattice mismatch
of ~0.47%. Nevertheless the epitaxy of these structures is rather challenging due to the
complicated interfaces which are formed of materials with nearly the same lattice constants
but having no common anion or cation. As a consequence, interfacial regions are created with
Be-Se or Zn-Te, as well as Zn-S or Cd-Se bonds leading to strains of up to ~10%, which have
a crucial influence on structural and optical properties of these layers [49-51].

a)

b)

Figure 1.1.8. Schematic representation of intersubband transitions in a) ZnSe/BeTe
and b) ZnSe/CdS/BeTe quantum wells.
The InGaAs/AlAsSb material system is another good candidate for ultra-fast alloptical switching based on ISBTs. The substantial conduction band offset of ~1.6eV in
InGaAs/AlAsSb QWs ensures the compatibility of ISBTs with the telecommunication
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wavelength around λ = 1550nm [52, 53]. These structures can be grown on InP-substrates by
the conventional MBE technique with a much higher crystalline quality of the layers
compared to the GaN/Al(Ga)N and CdS/ZnSe/BeTe materials.

Figure 1.1.9. Schematic representation of intersubband transitions in a
coupled double quantum well structure.
Coupling of two QWs with a thin barrier makes it possible to produce a four-level
system in the conduction band of the wells as illustrated in Fig.1.1.9. Such a system can
exhibit two high-energy intersubband absorption peaks corresponding to the E1 − E4 and
E2 − E3 transitions. These structures are capable to perform ultra-fast all-optical switching in
three operation modes. They can be operated as single-wavelength switches employing either
the E1 − E4 or E2 − E3 ISBTs. In these modes control pulses at a wavelength coupled to either
E1 − E4 or E2 − E3 transitions bring the switch into “ON” state by exciting the corresponding
ISBTs, which results in an increased transmission for signal pulses of the same or nearly the
same wavelength. In the absence of control pulses, signal pulses are absorbed by the system
and the switch is considered to be in the “OFF” state. The coupled double quantum wells
(CDQWs) can also perform switching in a dual-wavelength mode with signal pulses at a
wavelength corresponding to the E2 − E3 transition and control pulses coupled to the
E1 − E4 transition. In this mode, the control pulse excites the E1 − E4 transition enabling fast
relaxation of carriers from level E2 to E1 , which makes the system transparent for the signal
pulses.
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All-optical switching based on ISBTs in InGaAs/AlAsSb CDQWs has been
successfully demonstrated at a wavelength of λ = 1.55µ m employing only the E1 − E4
transition [5, 40]. In the scope of this work, both E1 − E4 and E2 − E3 transitions have been
tuned into the telecommunication wavelength range around λ = 1.55µ m and switching
capabilities of InGaAs/AlAsSb CDQWs operated in the different modes discussed above have
been investigated.
In order to realize a practical inline device, an active optical waveguide is required.
The waveguide structure would allow to enhance the light-matter interaction and hence to
reduce the switching energy by confining the propagating light to the active QW layers. It
would also bring a potential for accomplishment of sub-mm device size and for monolithic
active-passive integration. However, the relatively thick AlAsSb and AlAs layers with
refractive indexes as low as n = 3 and n = 2.9 , respectively, lead to a weighted refractive
index of only n = 3.18 for the stack of InGaAs/AlAsSb CDQWs. Since the structures are
grown on InP substrates ( n = 3.17 ) it is difficult to find a material compatible with the MBEgrowth and at the same time having a low enough refractive index to serve as claddings for
the waveguide. Thus, another goal of this thesis was oriented on realization of an active
waveguide for the studied structures, which was not available for the InGaAs/AlAsSb QWs at
the time when the project started.

1.2. Outline of the thesis
This work is focused on the investigation and development of ultra-thin InGaAs/AlAsSb QW
structures for Tbit/s all-optical switching in the telecommunication wavelength range around

λ = 1550nm

employing

exclusively

ISBTs.

Modeling,

epitaxy,

fabrication

and

characterization of the investigated structures are discussed.
Chapter 2
Models used to design and predict the characteristics of intersubband transitions in our
quantum well structures suggested for all-optical switching are discussed in this chapter. The
main part of the chapter is focused on modeling of intersubband transitions in single and
coupled double quantum wells. A review of material parameters determined for the best fit of
the simulation results to the experimental data is presented here.
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Chapter 3
This chapter provides a discussion on the growth and material characterization
techniques used for realization of all-optical switching devices based on intersubband
transitions in InGaAs/AlAsSb quantum wells. It starts with a short description of the system in
which the structures were grown, followed by an introduction to substrate preparation and
system calibration for the growth of InGaAs, AlAsSb, InGaAsP and InP alloys. The main part
of the chapter is focused on the optimisation of growth parameters and interface quality for
ultra-thin quantum wells in order to achieve the targeted properties of the structures in terms
of crystalline quality and electron transition energies. A review of doping experiments to
obtain accurate carrier concentrations in the quantum wells is presented here as well. The last
part of this chapter deals with the growth and characterization of complete device structures
with InGaAs/AlAs/AlAsSb coupled-double quantum wells embedded between InGaAsP/InP
waveguide claddings.
Chapter 4
The polarization-resolved spectroscopy is a key method for the experimental
verification of intersubband transitions in our single and coupled-double quantum well
structures. The sample geometry and the sample preparation procedure are presented in the
first part of this chapter, followed by an introduction to the experimental setup. Analysis of the
experimental results in terms of homogeneous and inhomogeneous broadenings of the
measured absorption spectra are discussed in the second part of the chapter. Impacts of
different scattering mechanisms on the dephasing times of the studied intersubband transitions
are addressed here as well.
Chapter 5
An inline active waveguide structure is necessary for realization of a practical alloptical switch. The operation energy of all-optical switches can be minimized by maximizing
the confinement of the light field to the active layers. Waveguiding challenges and solutions to
the problems of light confinement in the ultra-thin InGaAs/AlAsSb quantum well structures
are addressed in this chapter. We present the process steps developed for the fabrication of our
deeply-etched ridge waveguide devices and we summarize the optical loss measurement
results for the structures studied in the course of this thesis.
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Chapter 6

Switching capabilities of our quantum well structures are discussed with respect to
absorption saturation and time-resolved experiments. The light intensity required to saturate
the intersubband absorption in the studied coupled double quantum wells has been measured
using a multiple-reflection waveguide geometry of the samples. Experiments with the
quantum wells embedded into ridge waveguide structures demonstrated the proof-of-concept
of an inline ultra-fast all-optical switching device. Impacts of InP two-photon absorption and
polarization-dependent waveguide loss on the performance of inline devices are analyzed in
this chapter. Two single-wavelength time-resolved experiments using a heterodyne pumpprobe technique were carried out to study the intersubband absorption recovery times of
different transitions in coupled double quantum wells.
Chapter 7
Conclusions on the main achievements of this thesis are summarized in this chapter.
The chapter also provides an outlook and perspectives on ultra-fast low-energy inline alloptical switching based on intersubband transitions in InGaAs/AlAsSb quantum wells for
practical applications.
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Chapter 2
Modeling of ISBTs in QWs

Models used to design and predict the characteristics of intersubband transitions
in our quantum well structures suggested for all-optical switching are discussed
in this chapter. The main part of the chapter is focused on modeling of
intersubband transitions in single and coupled double quantum wells. A review of
material parameters determined for the best fit of the simulation results to the
experimental data is presented here.
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2.1. Intersubband transition in quantum wells
The history of intersubband transitions (ISBTs) in quantum wells (QWs) starts with
the observation by West and Eglash in 1985 of electronic transitions between energy levels
located entirely within the conduction band [29]. They denoted the possibility of tuning the
resonance between the subbands by varying the QW width and/or depth. Their discovery has
led to the development of quantum well infrared photodetector (QWIP) in 1993 [54], quantum
cascade laser (QCL) in 1994 [55] and proposals for all-optical switches (AOS) in 1993 [30].
With the development of this “new class” of devices, a theory for ISBTs was derived within
the quantum mechanical models describing the motion of a particle in a QW, with the
framework of the envelope function approximation [56, 57]. The developed ISBT theory
improves the accuracy of the predictions by overcoming the inconsistencies of the standard
theory, related to band non-parabolicity effects, different effective masses in the well and
barrier materials, shape of the potential, etc. Detailed discussions of the theory of ISBTs can
be found in the books by G. Bastard [57] or M. Helm (edited by H. C. Liu and F. Capasso)
[58]. In this section only a brief summary of the theory is given for understanding the method
used to model our QW structures.
A QW, in general, is a potential well that confines originally free particles in one
dimension on the scale of the de Broglie wavelength of the carriers [59]. Such quantum
confinement results in formation of energy subbands (quantization of energy states) as
represented in Fig.2.1.1. The allowed energy states for electrons in the conduction band of a
quantum well (the case for our AOS devices) can be found by searching for solutions to the
Schrödinger equation. For a 1-dimensional case with the confinement-axis z (the motion of
the carriers is quasi-free in the x and y directions), the time-independent Schrödinger
equation can be written, after separating the x and y -dependent parts, as:

−

 2 d 2ϕn ( z )
+ V ( z )ϕn ( z ) =
Enϕ n ( z )
2m∗ dz 2

(2.1.1)

with  = h / 2π , where h is Planck’s constant, m∗ is the effective mass of the electron, n is a
quantum number, ϕn ( z ) is a wavefunction of an electron depending on z position, V ( z )
denotes a function describing the potential energy at each position z , and En is the energy of
a subband.
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Figure 2.1.1. Schematic representation of a typical QW structure with two energy
states and the corresponding electron wavefunctions E1 , E2 and ϕ1 , ϕ2 , respectively.
Since a QW is normally realized with two semiconductor materials having different
electron affinities χ well , χ barrier and bandgaps Egwell , Egbarrier , as shown in Fig.2.1.1, equation
2.1.1 should be solved in each material layer (well and barrier) of the heterostructure fulfilling
the following boundary conditions at each well/barrier interface z0 :

ϕbarrier ( z0 ) = ϕ well ( z0 )

and

1
∗
barrier

m

dϕbarrier
1 dϕ well
( z0 ) = ∗
( z0 )
dz
mwell dz

(2.1.2)

in order to ensure continuity of the wavefunction and conservation of the probability current
across the interfaces. The solution of equation 2.1.1 for the case of an infinitely high barrier
leads to the energy eigenvalue expression, which allows to calculate the energy levels of the
subbands [29]:

En = n 2

 2π 2
*
2mwell
L2w

(2.1.3)
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where Lw denotes the width of the rectangular QW. In equation 2.1.3 electron energy
dispersion is considered only around the Γ -point (the center of the Brillouin zone), which
leads to a parabolic band approximation as illustrated for InGaAs in Fig.2.1.2 [60].

Figure 2.1.2. Energy band structure and parabolic band approximation of InGaAs.
Equation 2.1.1 can be solved analytically for simple structures as the finite symmetric
QW shown in Fig.2.1.1. For complex heterostructures the solutions are determined
numerically. In the course of this thesis, the well known transfer matrix method was used to
model the QW structures [61].
The one-band model, which takes into account only the conduction band of the
structure as considered so far, provides reliable results for the energy states close to the
bottom of the QW, though it fails when higher energy levels are searched, as it does not take
into account the energy-dependence of the electron effective masses (band non-parabolicity
effects) [62]. More realistic solutions can be achieved with the four-band Kane model, which
includes the conduction, the valence, the heavy-hole, the light-hole and the spin-split-off
bands [57]. In the case when only the electronic states in the conduction band are of interest,
the four-band model can be reduced to an “effective two-band model” by assuming that the
in-plane momentum vanishes, and thus decoupling the heavy-hole band and substituting the
light-hole and the spin-split-off bands by a virtual valence band [56]. This “effective twoband model” then can be modified into an “effective one-band model” by introducing the
energy dependent effective masses for the well and barrier materials [63, 64]:
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E −V
∗
∗
mbarrier
( E ) mbarrier
( 0 ) 1 + eff
 and =

 Eg ,barrier





(2.1.4)

with the effective bandgaps:

Egeff, well =

2

∗
2mwell
γ well

and

Egeff,barrier =

2

∗
2mbarrier
γ barrier

(2.1.5)

where the nonparabolicity coefficients γ describe the deviation of the energy dispersion
profile in the z direction from the approximated parabolic one.
A detailed discussion on the “effective one-band model”, which was used for the
calculations of the ISBTs in the course of this theses, can be found in the well documented
work of Sirtoti et al [56].

2.2. Material parameters for InGaAs and AlAsSb
To design ISBTs in QWs several basic material parameters such as the conduction
band offset ∆Ec , the effective mass m∗ and the non-parabolicity coefficient γ have to be
considered. These parameters are rather well known for Arsenide and Phosphide alloys,
however only few studies on Antimony-based materials have been reported so far [56, 63, 6567]. In this section we present our calculations of the nominal material parameters used for
the simulations of the ISBTs in our InGaAs/AlAsSb QWs.

2.2.1. Conduction band offset
We computed the conduction band off-set ∆Ec with the use of Anderson’s rule, also
called electron affinity rule, which works reliably for most semiconductor materials [68]. The
electron affinity χ in a semiconductor is defined as the work required to move an electron
from an energy level corresponding to the bottom of the conduction band to a point
corresponding to the vacuum level situated outside the material [67]. The electron affinity rule

Chapter 2: Modeling of ISBTs in QWs

20

states that the vacuum level of two semiconductors in a heterostructure should be aligned and
the energy band diagram can be constructed with respect to the vacuum level using the
electron affinity χ and the bandgap Eg values for each semiconductor. For the calculation of
these values we applied the Vegard’s law [69], which relates the band parameters of a ternary
alloy to the ones of two binary materials as follows:
EgAB =x ⋅ EgA + (1 − x ) ⋅ EgB − x ⋅ (1 − x ) ⋅ C

(2.2.1)

where EgAB is the energy bandgap of a ternary alloy AB, EgA and EgB are the energy bandgaps
of the binary materials A and B which compose the ternary alloy AB, x is the concentration
of material A in the AB alloy and C is the bowing parameter accounting for the deviation
from a linear interpolation (virtual crystal approximation) between the two binaries.
Table 2.2.1. Values used for the calculations of the energy band
parameters for the ternary alloys: InGaAs and AlAsSb.
InAs

GaAs

AlAs

AlSb

[Ref.66]

[Ref.66]

[Ref.66]

[Ref.65]

EgΓ , eV

0.354

1.424

0.43

2.9

2.386

0.45

EgX , eV

1.374

1.904

1.175

2.17

1.69

0.28

EgL , eV

1.084

1.714

0.667

2.4

2.329

0.03

∆ so , eV

0.39

0.341

0

0.28

0.676

0.15

χ , eV

4.9

4.07

0.86

3.5

3.6[Ref. 70]

0

a, Å

6.058

5.653

5.661

6.135

Parameters

CInGaAs

C AlAsSb

With the use of relation 2.2.1 and values taken from literature (listed in Table 2.1.1)
the energy bandgaps Eg for the Γ -, X -, and L -valleys, as well as the electron affinities χ
for In(1-x)GaxAs and AlAs(1-x)Sbx were computed [65, 66, 70].
The computed dependences on the composition x of the separation energies between
the valence band maxima and the conduction band minima EgΓ for Γ - valley, EgX for X valley and EgL for L - valley, as well as the electron affinities χ are plotted in Fig.2.2.1 a)
and b), for In(1-x)GaxAs and AlAs(1-x)Sbx alloys, respectively.
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Figure 2.2.1. The computed dependences of EgΓ , EgX , EgL and χ on the composition

x for a) In(1-x)GaxAs and b) AlAs(1-x)Sbx alloys.
The

calculations

reveal

the

energy

bandgaps

of

Γ
E=
E=
0.74eV
g
g

and

X
E
=
E=
1.89eV for In0.54Ga0.46As and AlAs0.56Sb0.44, respectively, where both alloys are
g
g

lattice-matched to InP substrate. With the electron affinities of χ InGaAs = 4.305eV and

χ AlAsSb = 3.544eV the conduction band offset at Γ -point becomes ∆Ec =
1.434eV . The
computed energy band diagram for In0.54Ga0.46As and AlAs0.56Sb0.44 lattice-matched to InP is
illustrated in Fig.2.2.2.

Figure 2.2.2. The computed energy band diagram for In0.54Ga0.46As and AlAs0.56Sb0.44
lattice-matched to InP.
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In ordered to achieve ISBTs at higher energies (for telecommunication band around
1.434eV to ∆Ec =
1.66eV
λ ~ 1.5µ m ) we increased the conduction band offset from ∆Ec =

by reducing the amount of Ga in the InGaAs well from 46% to 22%, which consequently
results in non lattice-matched, strained layers. The computed band parameters for the latticematched In0.54Ga0.46As/AlAs0.56Sb0.44 and the strained In0.78Ga0.22As/AlAs0.56Sb0.44 structures
are listed in Table 2.2.2. Our conduction band offset ∆Ec values are  0.15eV lower than the
ones reported by Mozume et. al. [71]. The discrepancy results from the different bandgap
values of binary materials used for the evaluation of the band offsets. Indeed the literature
Γ
EgΓ 2.35 − 2.39eV for AlSb [66]. Calculations with
reports E=
2.9 − 3.14eV for AlAs and =
g

the lowest and the highest reported values taking into account the different bowing parameters
C= 0 − 0.84eV lead to the variation of the conduction band offset ∆Ec from 1.32eV to
1.68eV

in the In0.54Ga0.46As/AlAs0.56Sb0.44 heterostructure lattice-matched to InP. We

selected the values listed in Table 2.2.1. for the best fit of our calculations to the experimental
results obtained with polarization-resolved spectroscopy as discussed in the following
sections of this thesis.
Table 2.2.2. The computed band parameters for the lattice-matched and the strained
In(1-x)GaxAs/AlAs(1-x)Sbx structures.

EgΓ

EgX

EgL

χ

∆EcΓ−Γ

∆EcΓ− X

∆EcΓ− L

In0.54Ga0.46As 0.74eV 1.52eV 1.21eV 4.305eV 1.434eV 0.761eV 0.962eV
In0.78Ga0.22As 0.54eV 1.43eV 1.12eV 4.531eV

1.66eV

0.987eV 1.189eV

AlAs0.56Sb0.44 2.56eV 1.89eV 2.36eV 3.544eV

2.2.2. Effective mass
Calculations of the effective masses m∗ at the bottom of the conduction band were
performed with the use of Kane theory, which relates the effective mass m∗ to the energy
bandgap Eg [72]. Kane’s formulae for the electron effective mass in the group III-V
semiconductor materials reads:
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m∗ 
1 2
1

=1 + P 2 ⋅ 
+
m0 
3  3Eg 3 ( Eg + ∆ so )  




−1

(2.2.2)

where Eg and ∆ so are the energy bandgap and the spin-orbit splitting energy of the
compound, respectively, m0 is the mass of the electron and P is the momentum matrix
element used in the Kane Hamiltonian, which scales with the lattice constant of the material
as follows:

P=

3Π
a2

(2.2.3)

with
=
Π 641eV ⋅ A2 as the Kane parameter [72].
The energy bandbaps Eg and the spin-orbit splitting energies ∆ so were calculate as
discussed above, using relation 2.2.1. The lattice constants were computed with the Vegard’s
approximation holding a linear relation between the crystal lattice parameter of an alloy and
the concentrations of the constituent compounds [69]:
a AB = x ⋅ a A + (1 − x) ⋅ aB

(2.2.4)

The values of binary compounds are listed in Table 2.2.1. With the use of these
∗
parameters, relation 2.2.2 reveals the electron effective masses of mInGaAs
= 0.043m0 and

m∗AlAsSb = 0.098m0 for In0.54Ga0.46As and AlAs0.56Sb0.44 lattice-matched to InP, respectively.

Calculations for the direct energy gap at the Γ -point for AlAs0.56Sb0.44 results in the electron
effective mass of m∗AlAsSb = 0.126m0 . The computed dependences of electron effective masses
m∗ on the concentration x for InGaAs and AlAsSb alloys are shown in Fig.2.2.3.

To verify the reliability of our calculations we compared the computed electron
effective masses of binary compounds ( x = 0 and x = 1 ) with the values reported by
Vurgaftman et. al. [66]. Our calculation results are in good agreement ( ±5% ) with the
published values taking into account the sets of values with the same energy band parameters
as the ones used for our computations.
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Figure 2.2.3. The computed dependences of electron effective masses m∗ on the
concentration x for InGaAs and AlAsSb alloys.
The computed electron effective masses m∗ , spin-orbit splitting energies ∆ so and
lattice constants a for In0.54Ga0.46As and AlAs0.56Sb0.44 lattice-matched to InP, as well as for
the strained In0.78Ga0.22As are summarized in Table 2.2.3.
Table 2.2.3. The computed electron effective masses m∗ , spin-orbit splitting
energies ∆ so and lattice constants a for In(1-x)GaxAs and AlAs(1-x)Sbx alloys.

m∗

∆ so , eV

a, Å

In0.54Ga0.46As

0.043

0.367

5.87

In0.78Ga0.22As

0.034

0.378

5.97

AlAs0.56Sb0.44

0.126

0.417

5.87

2.2.3. Non-parabolicity coefficient
The calculations of the non-parabolicity coefficients γ well and γ barrier in the InGaAs
well and the AlAsSb barrier, respectively, were performed following Nelson et. al. [63]. We
determined the non-parabolicity parameter γ well for InGaAs through its relation to the
∗
effective energy gap Egeff, well and the effective mass mwell
given by expression 2.1.5:
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2
∗
2mwell
Egeff, well

(2.2.5)

with
eff
E=
EgΓ, well +
g , well

assuming that the average valence band lies

∆ so , well

(2.2.6)

3

∆ so
below the valence band edge EV (Fig.2.2.2).
3

These calculations resulted in the non-parabolicity coefficient of γ =
1.04 ⋅10−18 m 2 , which
well
is in fairly good agreement with the value=
γ 1.13 ⋅10−18 m 2 for InGaAs lattice matched to InP
reported by Sirtori et.al [56].

Non-parabolicity coefficient γ, m2

10-17
InAs

In(1-x)GaxAs
AlAs0.56Sb0.44

10-18
GaAs

10-19
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Concentration x

Figure 2.2.4. The computed dependences of the non-parabolicity coefficients γ well and

γ barrier on the composition x in the In(1-x)GaxAs/AlAs0.56Sb0.44 heterostructure.

For the AlAsSb barrier the calculations were carried out from the following boundary
condition, which relates the effective masses m∗ and the non-parabolicity coefficients γ of
the two alloys at their interface [63]:

∗

γ well  mbarrier
= ∗ 
γ barrier  mwell 

2

(2.2.7)
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As the result we obtained the non-parabolicity coefficient of γ barrier
= 1.19 ⋅10−19 m 2 for the
AlAsSb barrier in an InGaAs/AlAsSb heterostructure.
The computed dependences of the non-parabolicity coefficients γ well and γ barrier on the
composition x in the In(1-x)GaxAs/AlAs0.56Sb0.44 heterostructure are shown in Fig.2.2.4. The
obtained value for GaAs =
γ 3.5 ⋅10−19 m 2 is comparable with the one reported by Nelson et.
al. =
γ 4.9 ⋅10−19 m 2 [63].

2.3. Modeling of ISBTs in single InGaAs/AlAsSb quantum wells
In the course of this thesis, the intersubband energy levels and the electron
wavefunctions were calculated with the Calcul-Bande software developed by Prof. Faist.
Calcul-Bande is a time-independent self-consistent Schrödinger-Poisson solver based on the
transfer matrix method [146, 147]. The software takes into account the non-parabolicity of the
in-plane carrier dispersion through the energy dependent effective mass as discussed in
Section 2.1.
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Figure 2.3.1. The energy states and the potential profile obtained from the simulations
of an “ideal” 5ML thick strained In0.78Ga0.22As/AlAs0.56Sb0.44 single QW.

Chapter 2: Modeling of ISBTs in QWs
In

the

scope

of

this

27
work,

we

focused

mainly

on

the

strained

In0.78Ga0.22As/AlAs0.56Sb0.44 QWs since, as we showed in section 2.2.1, the In-rich InGaAs
wells provide a larger conduction band offset ∆Ec compared to In0.54Ga0.46As/AlAs0.56Sb0.44
structures lattice-matched to InP, which consequently allows higher energies of ISBTs.
Assuming “ideal” QWs with the square-like potential profiles as shown in Fig.2.3.1,
∗
using the nominal material parameters define in section 2.2: ∆Ec =
1.66eV , m
=
0.034 ⋅ m0 ,
well
∗
= 1.7 ⋅10−18 m 2 , the shortest wavelengths of the ISBTs of
mbarrier
=
0.126 ⋅ m0 and γ well

λ = 1388nm is expected in the 5ML thick In0.78Ga0.22As/AlAs0.56Sb0.44 QWs (monolayer =
atomic layer = half a lattice constant a ). However the experimental results, plotted in
Fig.2.3.2, showed that the shortest achievable wavelength of ISBTs in our strained
In0.78Ga0.22As/AlAs0.56Sb0.44 QWs is 370nm longer than the predicted value for a 5ML thick
QW. The reason for this discrepancy comes from the non-ideal QW potential profile. As we
show later in section 3, In and Sb atoms diffuse in the growth direction during the epitaxy of
the structures. These interdiffusion effects lead to a non-square-like profile of the QW
potential and as a consequence this results in a reduced separation between the energy states
of the well.
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Simulations, no interdiffusion
Simulations, 1.4ML interdiffusion length
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Figure 2.3.2. ISBT wavelength measurements and simulations in strained
In0.78Ga0.22As/AlAs0.56Sb0.44 single QWs. The blue curve represents the simulation
results for the “ideal” QWs with square-like potentials, the red-curve depicts
simulation results taking into account 1.4ML interdiffusion length. The black curve
shows the measured data.
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Taking into account the intermixing effects at the well/barrier interfaces, the best fit of
the simulation results to the experimental data was obtained with the parameters listed in
Table 2.3.1. The interdiffusion length Lid = 1.4 ML is in good agreement with the transmission
electron microscopy (TEM) inspection results presented in chapter 3. The interdiffusion
length is introduced into the calculations by convoluting the potential and the effective mass
with a Gaussian spread function of a half-width given by the interdiffusion length Lid . The
simulated reduction of the separation energy between the states E1 and E2 from
E12 = 0.894eV in an “ideal” QW with Lid = 0 (shown in gray) to E12 = 0.705eV in a “real”
5ML thick In0.78Ga0.22As/AlAs0.56Sb0.44 single QW with Lid = 1.4 ML (shown in red) is
demonstrated in Fig.2.3.3.
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Figure 2.3.3. Energy states simulated in a “non-ideal” 5ML thick strained
In0.78Ga0.22As/AlAs0.56Sb0.44 single QW with the interdiffusion length of Lid = 1.4 ML .
Simulation results of the same structure with Lid = 0 are presented in gray.
In the QWs with the thickness of less than 5ML, the upper subband state is pushed
into continuum. This results in reduction of the separation energy between the upper and the
lower states with the narrowing of the wells. The mismatch of the simulations to the
experimental data for the QWs with the thickness of less than 5ML is due to the fact that in
our simulations for the upper level state located in the continuum we took the energy value of
the edge of the well ∆Ec . In reality the upper state is slightly (~20-30meV) above the edge of
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the QW, however the accurate prediction of the energy of the state in the continuum is not
trivial.

Table 2.3.1. Material parameters used to fit the
simulation results to the experimental data.
∆Ec , eV

∗
mwell

∗
mbarrier

γ well , m2

Lid , ML

1.6

0.04

0.108

1.6⋅10-18

1.4

The material parameters (Table 2.3.1), which provide the best fit of the simulation
results to the experimental data agree fairly well with the ones defined in section 2.2. The
slight deviations are attributed to: a) the strain, due to the lattice-mismatch, which changes the
band parameters (the change of band parameters due to strain is discussed in appendix A) and
b) the intermixing effects which result in incorporation of Sb and In into InGaAs and AlAsSb
layers, respectively, and as a consequence modify the properties of these alloys close to their
interfaces.

2.4. Modeling of ISBTs in coupled double InGaAs/AlAsSb quantum wells
As we showed in section 2.3, the shortest experimentally achievable wavelength of
ISBTs in our strained single QWs is λ = 1750nm . According to the theoretical studies, ideal
QWs with square-like potential profile are required to blue-shift the ISBT wavelength in these
structures. To obtain such ideal structures, interdiffusion effects at the interfaces of the layers
have to be eliminated, which is currently not possible with the today’s growth techniques used
for the epitaxy of the InGaAs/AlAsSb heterostructures. Nevertheless, ISBTs at shorter
wavelengths compared to single QWs can be achieved in coupled double quantum wells
(CDQW), using the same material system, due to a subband splitting effect.
Coupling of two wells with a thin barrier results in splitting of the subbands and thus
the number of the energy states is doubled, as shown in Fig.2.4.1. The splitting between the
energy states increases when the thickness of the coupling barrier is reduced, allowing to
obtain ISBTs at wavelengths as short as λ14 < 1500nm .
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Figure 2.4.1. Energy states in the 6ML thick In0.78Ga0.22As double quantum wells
coupled with a 9ML thick AlAs barrier. The simulations take into account the
interdiffusion effects, which are the cause for the non-square like potential profile of
the wells.
To minimise the interdiffusion effects in our CDQW structures, the choice of the
coupling barrier material was made in favour of AlAs in stead of AlAsSb. As can be seen
from section 2.2 AlAs has similar properties as AlAsSb, which allows to maintain the large
conduction band offset ∆Ec and, hence, to obtain high energy ISBTs. The consequences of
the introduction of the AlAs layers into our structures for the epitaxy of the layers are
discussed in chapter 3.
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Figure 2.4.2. Computed energies of the subbands in CDQWs depending on a) the
coupling barrier thickness, b) the quantum well thickness.
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In order to study the dependence of the splitting energies on the coupling barrier
thickness in our structures, we computed the energies of the levels in the 8ML thick strained
In0.78Ga0.22As double QWs coupled with an AlAs barrier of various thicknesses. The material
band parameters used for these calculations are the same as the ones determined
experimentally for the strained In0.78Ga0.22As/AlAs0.56Sb0.44 single QWs, listed in Table 2.3.1.
The simulation results of the CDQWs with 0-20ML thick coupling barriers are shown
in Fig.2.4.2.a. Transformation of a two-level system into a 4-level system is observed when
the coupling barrier thickness becomes less than ~12ML (~3.4nm). Thicker barriers result in
multi QW structures with only two discrete energy states. The splitting energies E12 and E34
increase with the coupling barrier thickness reduction.
Variation of the QW thickness while keeping the thickness of the coupling barrier
constant yields an alteration of the energies of all four levels with the same rate, as shown in
Fig.2.4.2.b for a system of 5-10ML thick strained In0.78Ga0.22As double QWs coupled with the
8ML thick AlAs barrier.
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Figure 2.4.3. ISBT wavelength measurements and simulations in strained
In0.78Ga0.22As/AlAs/ In0.78Ga0.22As /AlAs0.56Sb0.44 CDQWs.
The simulation results fit accurately to the intersubband absorption measurements
when the interdiffusion length parameter Lid is reduced from 1.4ML (0.42nm) to 0.9ML
(0.28nm). The smaller Lid , on one hand, confirms the improvement of the quality for the
interfaces between the wells and the AlAs coupling barrier and, on the other hand, it allowed
to blue shift the ISBT wavelength by ~100nm with respect to the structures where
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AlAs0.56Sb0.44 was used as a coupling barrier. The intersubband absorption measurement
technique and results are discussed in chapter 4. Fitting of the simulation results to the
experimental data for a set of samples with AlAs barriers of different thicknesses are shown
in Fig.2.4.3. The measured samples consist of 70 periods of 6ML thick strained In0.78Ga0.22As
double wells coupled by a 5-10ML thick AlAs barrier and each CDQW stack separated by a
5nm thick AlAs0.56Sb0.44 barrier.
The error bars for the measured λ14 ISBTs result from the full width at half maximum
(FWHM) of the absorption peaks of both λ14 and λ23 transitions, which is comparable with
the separation between the peaks and, as a consequence, the accuracy of the wavelength
measurement for the relatively low λ14 absorption degrades to ~95%. As an example,
intersubband absorption spectra measured in samples with the 7ML and 8ML thick coupling
barriers are shown in Fig. 2.4.4. The details on intersubband absorption experiments and
origin of spectral broadening of the absorption peaks are discussed in chapter 4.
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Figure 2.4.4. Intersubband absorption spectra measured in CDQW structures with the
6ML thick QWs coupled by the a) 7ML and b) 8ML thick AlAs barrier.
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2.5. Conclusions
With the systematic studies based on experiments using polarization-resolved
spectroscopy and modeling with the self-consistent Schrödinger-Poisson solver we
determined the material band parameters for our quantum well structures, which provide the
best fit of the theoretical results to the experimental data. Quantum well thickness fluctuations
in the order of 1-2ML were found by fitting the intersubband absorption experimental results
with the theory which takes into account interdiffusing effects. The nominal material band
parameters, such as band-offsets, effective masses and non-parabolicity coefficients were
computed for InGaAs and AlAsSb of various compositions. Comparison of the calculated
band parameters to the values reported in literature results in a good agreement, with
deviations of <±5%.
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Chapter 3
Epitaxial growth
and characterization of the epi-layers

This chapter provides a discussion on the growth and material characterization
techniques used for realization of all-optical switching devices based on
intersubband transitions in InGaAs/AlAsSb quantum wells. It starts with a short
description of the system in which the structures were grown, followed by an
introduction to substrate preparation and system calibration for the growth of
InGaAs, AlAsSb, InGaAsP and InP alloys. The main part of the chapter is focused
on the optimisation of growth parameters and interface quality for ultra-thin
quantum wells in order to achieve the targeted properties of the structures in
terms of crystalline quality and electron transition energies. A review of doping
experiments to obtain accurate carrier concentrations in the quantum wells is
presented here as well. The last part of this chapter deals with the growth and
characterization of complete device structures with InGaAs/AlAs/AlAsSb coupleddouble quantum wells embedded between InGaAsP/InP waveguide claddings.
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3.1. The epitaxial growth system
It was shown in chapter 2 that in order to realise an all-optical switch (AOS) based on
intersubband transitions (ISBT) in InGaAs/AlAsSb quantum wells operating at a
telecommunication wavelength of λ = 1.55µ m , epitaxy of ultra-thin layers with sharp
interfaces is required. Molecular Beam Epitaxy (MBE), in comparison to other epitaxial
growth techniques like Metal Organic Vapour Phase Epitaxy (MOVPE) or Liquid Phase
Epitaxy (LPE) allows significantly more precise control of the beam fluxes and growth
conditions, which allows to achieve high mobility structures with low defect densities and
mono-layer (ML) thickness control of the layers [73]. Therefore, the growth technique chosen
for the epitaxy of InGaAs/AlAsSb quantum well structures within this thesis was MBE.

Figure 3.1.1. Schematic drawing of the Veeco Gen III MBE-system.
The epitaxy of all the reported samples was realised in a Veeco (AppliedEpi) Gen III
MBE system. The chamber of this system is equipped with three valved cracker cells to
supply As2, P2 and Sb2 as group V species, and seven effusion cells providing group III In, Ga
and Al elements, as well as Si and Be for n- and p-type doping, respectively.
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The surface reconstruction, which can be correlated to the surface stoichiometry, of
the substrate and the epi-layers, was monitored in-situ with the reflection high energy electron
diffraction (RHEED) system installed in the chamber.
In addition to the temperature readings from the thermocouples located on the
backside of the substrate, the accurate substrate temperature was measured by the band-edge
thermometric principle using the k-Space BandiT system.
The quality of the ultra high vacuum (UHV) in the chamber was monitored by the
residual gas analysis (RGA) using the Pfeiffer PrysmaPlus QMG220 mass spectrometer
system. The residual gas (background) pressure in the chamber was <5x10-10 Torr. A
schematic drawing of the Veeco Gen III MBE-system used for the experimental work of this
thesis is shown in Fig.3.1.1.

3.2. Calibration of the MBE system for the growth of
InGaAs/AlAsSb/InGaAsP/InP multi-layer structures
Realization of a waveguide-type AOS for this thesis requires epitaxy of sophisticated multilayer structures consisting of binary, ternary and quaternary alloys, which include InGaAs,
AlAsSb and AlAs for the quantum wells, as well as InGaAsP and InP to build the waveguide.
Optimisation of the growth conditions suitable at the same time for epitaxy of all mentioned
compounds, along with calibration of growth rates and alloy compositions with high accuracy
are crucial for the performance and reproducibility of the grown structures. In particular for
the realisation of ultra-thin quantum wells with layer thicknesses in the order of several MLs,
the mono-layer thickness control is required. As a result of optimisations, materials like InP,
InGaAs and AlAs for which MBE growth is rather well established, had to be grown under
conditions different from the ones which are considered to be typical for them.

3.2.1. Substrate preparation
The quality of the substrate surface has a significant influence on the growth process
and the resulting surface morphology, stoichiometry and other properties of the MBE grown
layers. Therefore, cleaning of the substrate surface is required before the epitaxy.
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In the course of this thesis, all structures were grown on semi-insulating Fe-doped
double-side polished InP substrates. Quarters of the 2” epi-ready wafers were mounted In-free
on a Veeco 4” substrate holder and out-gassed for at least 4 hours at 200 oC in an
intro/preparation-chamber separated with a UHV valve from the buffer chamber which is
consecutively connected to the growth chamber.
Prior to the growth of the epi-layers the substrate surface oxide was desorbed in the
growth chamber at 490 oC under P2 overpressure until a sharp 2x4 surface reconstruction was
observed by RHEED. Photos of typical RHEED surface reconstruction patterns taken after
desorbing the substrate surface oxide are shown in Fig.3.2.1. The well-defined narrow
RHEED lines signify the surface smoothness on an atomic scale. Once the surface oxide was
removed the substrate was cooled down to the growth temperature of 400 oC, measured by the
k-Space BandiT system. The choice of this temperature for all materials grown within this
thesis, i.e. InP, InGaAsP, InGaAs and AlAsSb is related to the epitaxy requirements of a
complete AOS structure with sharp hetero-interfaces, which is discussed in the following
sections of this chapter.

a)

b)

Figure 3.2.1. RHEED surface reconstruction patterns along the (a) [ 110 ] and (b)
_

[ 110 ] crystal directions after desorbing the substrate surface oxide.

3.2.2. Calibration of growth rates and alloy compositions
The performance of ISBT-based devices strongly depends on the accuracy of the layer
thicknesses and compositions of the multi-QW structures. In comparison to calibration
structures in which only one thick bulk layer is grown, super-lattice structures allow to
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determine the growth rates and alloy compositions with much higher accuracy, up to 1%, by
performing high resolution X-ray diffraction (HR-XRD) measurements. Therefore the epitaxy
of all the materials for this thesis was calibrated with the use of super-lattice structures. The
growth rates of each alloy were determined by measurements of RHEED intensity oscillations
[73] and HR-XRD rocking curves [74]. All HR-XRD measurements were performed in a
Seifert XRD 3003 PTS-HR system. Simulations of rocking curves were accomplished using
the RayfleX software provided with the HR-XRD system. The simulation of rocking curves is
based on dynamic diffraction theory in the formalism of Taupin [75, 76]. All simulations were
realised without taking into account the background diffused scattering parameters, which
results in the off-set between the measurements and simulations along the intensity axes.
Photoluminescence measurements were obtained at room temperature in the dark in an
Accent Rpm2000 system.
Growth of InP
Since the first demonstration of the MBE grown InP layers in the early 1970s, it took
more than ten years to achieve smooth surfaces with low defect densities [77-79]. Solid
phosphorous P, used for epitaxy of InP structures, exists in two allotropic forms, red P4 and
white P2. White P2 is highly reactive and inflammable in air, therefore red P4 is loaded into
the MBE. On the other hand, using P4 generated directly from the red phosphorous source
results in high flux instabilities due to its low sublimation coefficient. For that reason red P4 is
converted to white P2 inside the MBE chamber and binary P2 species are used for epitaxy.
The results of experimental studies by different research groups over the last decades indicate
that high group V to group III flux ratios in the order of 10~20 and substrate temperatures of
~480 oC lead to high crystal quality and good surface morphology [80, 81].
In the case of this thesis, the P2 flux was chosen to be the same as the one needed for
the growth of InGaAsP layers lattice matched to InP. In order to obtain high reproducibility
and to be able to switch quickly from the growth of InP to InGaAsP layers and vice-versa, we
decided to keep the P2 flux stable. This results in the group V to group III flux ratio of 16 for
InP, which ensures defect-free atomically smooth surfaces.
For calibration samples, super-lattice structures with 10 periods of 50nm thick InP
separated by 0.4nm In0.75Ga0.25P layers were used to determine the growth rate of InP. From
the HR-XRD rocking curve measurement and simulation, as shown in Fig.3.2.2. the growth
rate was estimated to be 247.9 nm/h. The growth rate was calculated from the growth time of
the InP layer and its thickness, given by the distance between the XRD peaks. This relatively
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low growth rate is defined by a low In flux needed for the epitaxy of ultra-thin InGaAs
quantum wells. Optical microscopy inspections demonstrated smooth defect-free surfaces.

Figure 3.2.2. HR-XRD rocking curve measurement and simulation of an InP/
In0.75Ga0.25P super-lattice calibration structure.
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Figure 3.2.3. Photoluminescence spectrum measured in an InP/ In0.75Ga0.25P
super-lattice calibration structure.
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Good crystalline quality of the layers is confirmed by photoluminescence (PL) measurements
performed at room temperature in the dark. As shown in Fig.3.2.3, a narrow and high
intensity PL peak with a full width at half maximum of 26nm is observed at a wavelength of
917nm. The asymmetry of the peak resulting from the broadening of the spectrum due to
excitonic and free electron-hole pair recombinations at room-temperature have been discussed
earlier [82, 83].

Growth of InGaAs
Epitaxy of the ternary InGaAs compound has been intensively studied at various
growth conditions for obtaining the best crystalline, optical and electrical properties, such as
low defect densities, sharp photoluminescence lines and high carrier mobilities [84-88]. The
best results in terms of structural quality of InGaAs layers grown by MBE on InP substrate
have been demonstrated in structures grown with group V to group III flux ratios of 15-25 and
substrate temperatures of >500 oC [89, 90]. Arsenides can be grown with As4 or As2 species.
As4 is often more preferable than As2, mainly because higher cell temperatures are required to
crack As4 into As2, which increases the background doping of the epi-layers.

Figure 3.2.4. HR-XRD rocking curve measurement and simulation of an
In0.53Ga0.47As/InAs super-lattice calibration structure.
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Figure 3.2.5. Photoluminescence spectrum measured in an In0.53Ga0.47As/InAs
super-lattice calibration structure.
One additional drawback of As2 is the higher sticking coefficient compared to As4,
which leads to relatively higher contamination of the chamber with arsenic and requires more
frequent maintenance. On the other hand, it was demonstrated that MBE growth of strained
InGaAs quantum wells with As2 results in sharper and more abrupt heterointerfaces, which
leads to better confinement of carriers in the wells and hence to better performances of the
devices [91]. As a quality measure, the authors in [91] observed ~10% lower laser threshold
in devices with InGaAs grown using As2 compared to the ones grown with As4. The main
reason to use dimer group V species for the epitaxy of our structures is that with As2 and Sb2
having sticking coefficients of 1, the control of As/Sb ratio in the AlAsSb films is rather
relaxed compared to As4 and Sb4 with sticking coefficients <1.
Our InGaAs layers were grown with As2 flux providing a group V to group III flux
ratio of 9. On one hand, a high arsenic flux is needed to suppress formation of In-rich surface
defects [92] in InGaAs. On the other hand, in order to avoid composition gradation in AlAsSb
layers and to ensure high reproducibility of InGaAs/AlAsSb quantum wells, a stable arsenic
flux should be used for the epitaxy of the complete multi-quantum well region. We defined
arsenic flux in a way that it meets the requirements for the growth of AlAsSb layers lattice
matched to InP, while being high enough to obtain defect-free smooth surfaces of InGaAs
layers, i.e. we used the same arsenic flux for the growth of InGaAs and AlAsSb films.

Chapter 3: Epitaxial growth and characterization of the epi-layers

43

A growth rate of 352.2 nm/h was determined for InGaAs with the use of super-lattice
structures consisting of 10 periods of 50nm thick In0.53Ga0.47As separated by 0.6nm thick InAs
layers. The HR-XRD rocking curve measurement and simulation, shown in Fig.3.2.4, resulted
in a negligibly small lattice mismatch of the In0.53Ga0.47As layers with respect to the InP
substrate of –0.07%, which signifies a good control of the fluxes along the super-lattice
periods. The PL measurements shown in Fig.3.2.5 exhibit a peak at a wavelength of 1654nm
with a FWHM of 88nm, which confirms lattice-matching to the InP-substrate and low defectdensity of the grown layers [93-95].

Growth of InGaAsP
The quaternary InGaAsP alloy is another well studied material system [96-98]. Until
early 1990s InGaAsP layers lattice-matched to InP with the best crystal quality and surface
morphology were realised mainly by LPE and MOVPE growth techniques [99-101]. MBE
grown InGaAsP layers with structural, optical and electrical properties as good as the ones
obtained by LPE and MOVPE have been demonstrated with the introduction of valved
cracking cells for As and P [98]. The valved cracking cells allowed on one hand to dissociate
arsenic and phosphorus into As2 and P2, respectively, to increase their sticking coefficients,
and on the other hand to attain a better control of the arsenic and phosphorous ratio in the
alloy. MBE growth of InGaAsP layers of various alloy compositions lattice-matched to InP,
which show good crystal quality and surface morphology have been realised at substrate
temperatures of >500 oC with group V to group III flux ratios of 4-6 [98, 100].
In chapter 5 we provide a discussion on waveguiding properties of our QW structures.
The high refractive index InGaAsP layers are introduced on both sides of the QW stack to
confine the optical mode to the core region. Depending on the In/Ga and As/P concentrations,
InGaAsP layers can be grown lattice-matched to the InP substrate and remain transparent for
the wavelength of λ = 1550nm , confining the optical mode to the QWs. For the growth of our
InGaAsP layers with a bandgap of ~1eV (1200nm) we used the same In and Ga fluxes as the
ones needed for the growth of strained In0.78Ga0.22As layers in the quantum well region of the
AOS. This allows us a rapid switching between the growth of different layers without
changing the temperatures of the cells. For our growth conditions we found an optimum
group V to group III flux ratio of 11, which resulted in the epitaxy of InGaAsP layers with
notable structural quality and uniform composition in >500nm thick films. In order to obtain
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this flux ratio and the right alloy composition we had to grow at ~5 times lower arsenic flux
than the one used for InGaAs/AlAsSb quantum well stack.

Figure 3.2.6. HR-XRD rocking curve measurement and simulation of an
In0.79Ga0.21As0.46P0.54/InAs0.46P0.54 super-lattice calibration structure.
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For the calibration of InGaAsP, a super-lattice structure consisting of 20 periods of
50nm thick In0.78Ga0.22As0.46P0.54 separated by 0.5nm thick InAs0.46P0.54 layers was grown. A
growth rate of 314.3 nm/h and a lattice mismatch of 0.04% for In0.79Ga0.21As0.46P0.54 were
determined from the HR-XRD rocking curve measurement and simulation shown in Fig.3.2.6.
The PL peak at a wavelength of 1203nm with the FWHM of 58nm shown in Fig.3.2.7
indicates the targeted bandgap and hence the composition of the layers, which confirms the
splendid control of all fluxes during the growth.

Growth of AlAsSb
AlAsSb is a relatively new material and only few studies on the MBE growth of this
alloy have been reported [102-105]. Epitaxy of AlAsSb on InP is considered to be challenging
due to the presence of a large miscibility gap and the difficulty to control the quality of
interfaces in heterostructures , which results in high defect densities, rough surfaces and poor
reproducibility [104-108]. The incorporation of As and Sb into AlAsSb films depends
critically on the substrate temperature and on the Sb and As fluxes. The difference in sticking
coefficients of the group V species complicates the precise composition control of the layers.
Moreover, segregation of Sb results in an excess amount of this element on the surface of the
growing film even after the Sb shutter is closed, which makes the control of abrupt interfaces
difficult. The reported AlAsSb structures have been grown at substrate temperatures of 460490 oC, with the group V to group III flux ratios of 1-21 [109-111].
Our AlAsSb layers grown at a relatively low substrate temperature of 400 oC, with the
group V to group III ratio of 13 demonstrated atomically smooth, defect-free surface
morphology. The choice of this growth temperature and V/III ration is based on the
experimental results for the epitaxy of the QW structures discussed in section 3.4 of this
chapter. The optimum design, in terms of intermixing effects, for calibration of AlAsSb was
found to be a super-lattice with 10 periods of 20nm thick AlAs0.57Sb0.43 and 0.6nm thick AlSb
layers. Intermixing of Sb and As species at the interfaces results in a reduced intensity and
broadening of the XRD peaks, as can be seen in Fig.3.2.8. Due to strong Sb diffusion, no
characteristic peaks could be observed in the measurements with AlAsSb/AlAs structures.
The growth rate of 527.9 nm/h was estimated from the HR-XRD measurement. The lattice
mismatch between the AlAsSb layers in this structure and the InP substrate is 0.1%, which
reveals an acceptable control of the Sb/As ratio in the layers.
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Figure 3.2.8. HR-XRD rocking curve measurement and simulation of an
AlAs0.57Sb0.43/AlSb super-lattice calibration structure.

3.3. Si-doping of InGaAs quantum wells
Doping plays an important role in fabrication of most semiconductor electronic, optoelectronic and all-optical devices, as it allows to engineer free carrier concentrations in
various materials [112-114]. Group III/V semiconductors are mainly doped either by volumedoping, when the dopant is co-deposited during growth of the doped layer or by delta-doping
during which growth of a non-intentionally doped (NID) layer is interrupted to deposit the
delta “layer” [115-119]. For realisation of our AOS devices highly doped with Si, deltadoping technique was found to be more favourable than doping by co-deposition. This
technique allows on one hand to achieve better confinement of the dopants in the QW, and on
the other hand to minimise Si-induced diffusion of In atoms [103]. In contrast to volume
doped layers, measurements of carrier concentration with high accuracy in delta-doped
structures are not trivial due to severe depletion effects. Furthermore, background impurity
incorporation during growth interruptions for “delta” layer deposition has to be controlled
carefully. We compared both doping approaches in terms of carrier concentration, electron
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mobility and Burstein-Moss shift to determine the accuracy of the delta-doping and the purity
of our doped structures. The layers were characterized by secondary ion mass spectroscopy
(SIMS), capacitance-voltage (CV), Van der Pauw – Hall (Hall) and Photoluminescence (PL)
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Figure 3.3.1. Carrier concentration and Si flux as a function of Si cell temperatures
measured by Hall, CV and SIMS in volume-doped samples.
All samples for our doping experiments were grown under the same conditions as
discussed in section 3.2. Prior to the doping experiments, a thick NID-In0.53Ga0.47As layer was
grown to determine the background doping. The thickness of 4000nm was selected in order to
minimize the carrier depletion effects at the surface and the substrate/layer interface. Low ntype carrier concentration of 2.1x1015cm-3 and high electron mobility of 8710cm2V-1s-1
obtained from room-temperature Hall measurements indicate high purity of the grown
InGaAs material at the relatively low growth temperature [89, 120].
Volume-doping was studied in 1030nm thick In0.53Ga0.47As layers doped with various
Si concentrations. A set of six samples was grown with Si cell temperatures ranging from
1100oC to 1350oC while other growth conditions were kept the same. An exponential
dependence of n-type carrier concentration on Si cell temperature was observed from Hall and
CV measurements up to 2.1x1019cm-3 and 2.5x1019cm-3, respectively (Fig.3.3.1). The
deviation from this dependence at higher doping levels is attributed to amphoteric properties
of Si, which starts being incorporated on As sites and consequently starts acting as a p-type
dopant, compensating the n-type carriers [88, 121]. The higher values measured by CV in
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samples grown with Si cell temperature >1250oC, corresponding to carrier concentrations
>2.5x1019cm-3 are related to series resistance errors in electrochemical CV-profiling, which
lead to overestimated values [122]. The sample grown with Si cell temperature of 1350oC,
corresponding to carrier concentration of 3x1019cm-3 measured by Hall, resulted in degraded
crystalline quality of the layer, similar to the one shown in Fig. 3.3.3b, due to a high defect
density introduced to the InGaAs lattice by excessive amount of Si [123]. Samples with lower
doping showed optically smooth defect-free surfaces, similar to the one shown in Fig. 3.3.3a.
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Figure 3.3.2. Carrier concentrations measured by Hall, CV and Si concentrations
measured by SIMS in delta-doped samples grown with different delta-doping
densities. Black curve depicts calculated values. The design of the delta-doped
structures is shown in the inset. The delta-doping times are indicated next to the
corresponding measurement results.
Delta-doped samples were grown under similar growth conditions as the volumedoped layers. The Si cell temperature of 1230oC was constant during the growth of all
samples, while different delta-doping times from 1s to 70s were applied. Taking into account
Si spreading of 4-5 monolayers (ML) measured by M. Zervos et. al. [121] in In0.53Ga0.47As
layers grown under similar growth conditions, our delta-doped structures were designed in a
way to avoid carrier depletion effects and to obtain quasi-uniform doping profiles, which
would allow reliable and distinct characterization of the samples. During the epitaxy of these
structures the growth of NID In0.53Ga0.47As was interrupted after 0.65nm and Si delta-doping
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under As2 overpressure was applied, followed by the growth of a 0.8nm thick NID
In0.53Ga0.47As cap. The sequence was repeated 700 times, which resulted in a 1015nm thick
delta-doped In0.53Ga0.47As layer.

Figure 3.3.3. Scanning electron microscopy images taken from cleaved facets of
delta-doped samples grown with delta-doping times of 50s (a) and 60s (b).
Expected Si concentrations were calculated from Si delta-doping densities supplied to
the delta-doped thickness of 1.45nm (5ML), where delta-doping density corresponds to the
product of delta-doping time and Si flux in atoms/(cm2s). Si flux was obtained from volumedoping experiments at Si cell temperature of 1230oC and the growth rate of In0.53Ga0.47As.
The calculated values are in good agreement with the experimental results. A linear
dependence of n-type carrier concentration on Si delta-doping density (time) was measured by
Hall up to 3x1019cm-3, while at higher doping levels amphoteric behaviour of Si was
observed. Good agreement between Hall and CV measurements was obtained up to
~7.6x1018cm-3, although higher values were measured by CV with respect to Hall at doping
concentrations in the 1019cm-3 range (Fig.3.3.2), which is similar to the results obtained in
volume-doped samples. Degradation of the crystalline quality of In0.53Ga0.47As layers was
observed in samples with Si concentrations ≥4x1019cm-3, which corresponds to delta doping
times of ≥60s in the selected structure design. Scanning electron microscopy (SEM) images of
cleaved facets of the structures grown with delta-doping times of 50s and 60s are shown in
Fig.3.3.3 a) and b), respectively.
SIMS characterization of the delta-doped samples demonstrated good agreement with
both calculated and measured Hall values (Fig.3.3.2) [124]. Since SIMS provided only
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relative Si concentrations in counts, the results were normalized to the value calculated for
10s of delta-doping, at which Hall and CV measurements are in good agreement. Since As
level was the same (±5%) in all SIMS measurements, it was taken as a reference and Si/As
ratios were normalised to 7.5⋅1018 cm-3. No evident background doping incorporation was
observed from tracking O and C elements by SIMS in samples with different delta-doping
times (Fig.3.3.4). Extremely low and constant O and C levels were measured in InGaAs
layers, while a slightly higher O level, factor of ~3, was detected in the InP substrates for all
samples.
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Figure 3.3.4. SIMS measurements of C and O relative concentrations in samples with
delta-doping times of 10s, 20s and 30s.
Comparison of electron mobility and Burstein-Moss shift measured by Hall and PL,
with respect to Hall carrier concentration in samples doped by the two different techniques
showed good agreement of the results (Fig.3.3.5), which confirms the high purity of InGaAs
layers in both volume- and delta-doped samples. At the same time PL measurements of the
Burstein-Moss shift demonstrated good agreement with theoretical and experimental results
reported by M. Munoz et. al. [125] obtained from similar n-doped In0.53Ga0.47As/InP
structures. The results shown in Fig.3.3.5 demonstrate that with the studied design of the
delta-doped structure, Si and carrier concentrations can be predicted and measured with high
accuracy [126].
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Figure 3.3.5. Electron mobility (left y-axis) and Burstein-Moss shift ∆E (right y-axis)
depending on carrier concentration measured in volume- and delta-doped samples.

3.4. Optimisation of interfaces in ultra-thin InGaAs/AlAsSb quantum wells
Performance of AOS devices based on ISBTs in InGaAs/AlAsSb QWs strongly
depends on the quality of heterointerfaces between wells and barriers. As we showed in
chapter 2, high energy ISBTs needed for operation of the devices at the telecommunication
wavelength can be obtained in ultra-thin QWs with layer thicknesses in the order of 5-7
atomic layers (~1.5-2nm). Furthermore, the potential profile of the QWs has a crucial impact
on the maximum achievable energies of ISBTs. In order to obtain “ideal” square-like potential
profiles of the QW structures and consequently to achieve high energy ISBTs, perfectly flat
interfaces between wells and barriers are required (Fig.3.4.1). However, material
interdiffusion at the interfaces of ultra-thin QWs results in graded potential profiles, which
leads to reduced separation energies between the QW states (Fig.3.4.2) and as will be shown
in chapter 4 and chapter 6, the interdiffusion effects result in a limited performance of the
devices.
In particular the segregation of Sb and In atoms during MBE growth is one of serious
problems in realisation of abrupt heterointerfaces in AlAsSb/InGaAs structures. When the
growth of AlAsSb is followed directly by the epitaxy of InGaAs, the diffused Sb atoms
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incorporate into the InGaAs lattice, which results in a smeared out interface. Similar effect
occurs for In atoms incorporated into the following AlAsSb layer. We have investigated the
influence of the interdiffusion effects on the intersubband (ISB) absorption in strained
In0.78Ga0.22As/AlAs0.56Sb0.44 QWs and optimised the quality of the interfaces by adjusting the
MBE growth procedure for achieving the shortest wavelength (highest energy) of the ISB
absorption peak. As shown in chapter 2, the higher content of In in the strained InGaAs layers
reduces the electron effective mass m * from 0.043 to 0.034 and the bandgap Eg from
0.74eV to 0.54eV of InGaAs, which leads to an increased conduction band offset ∆Ec of
~1.66eV between In0.78Ga0.22As and AlAs0.56Sb0.44. Compared to lattice matched
In0.53Ga0.47As QWs, higher energies of ISBTs can be achieved in thicker strained QWs, which
consequently enables ISB absorption at shorter wavelengths.

a)

b)

Figure 3.4.1. a) InGaAs/AlAsSb structure with perfectly flat interfaces; b) Quantum well with
an “ideal” square-like potential profile.

a)

b)

Figure 3.4.2. a) InGaAs/AlAsSb structure with rough interfaces; b) Quantum well with a
graded potential profile.
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Prior to the experiments with ISB absorption in strained QWs, a set of samples latticematched to InP grown at substrate temperature of 420 oC with different approaches for
interface treatment were inspected by transmission electron microscopy (TEM) measurements
[127]. Each sample consisted of three 1.74nm thick In0.53Ga0.47As quantum wells separated by
7nm thick AlAs0.56Sb0.44 barriers. Growth interruptions of 0-60s under As2 flux were applied
for surface smoothing at each interface. As a second variable parameter, we changed the
thickness of the AlAs spacer layer from 0 to 5 atomic layers at both sides of In0.53Ga0.47As
quantum wells. Due to the lowest surface mobility of Al atoms with respect to other involved
elements, AlAs was found to be an efficient spacer material to reduce interdiffusion of group
III and group V elements and to improve the homogeneity of the well/barrier interfaces [128,
129].

Figure 3.4.3. Sample without any treatment of InGaAs/AlAsSb interfaces. Left side: schematic
presentation of the structure; Center: HAADF-STEM image of the quantum wells; Right side:
high resolution contrast scan over one quantum well. TEM inspections courtesy E. Müller.

Figure 3.4.4. Sample with 3ML thick AlAs spacing layers and 20s growth interruptions under
As2 flux at each interface. Left side: schematic presentation of the structure; Center: HAADFSTEM image of the quantum wells; Right side: high resolution contrast scan over one
quantum well. TEM inspections courtesy E. Müller.
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Figure 3.4.5. STEM image of the quantum wells with 3ML thick AlAs spacers on both
sides grown without growth interruptions. TEM inspections courtesy E. Müller.
High angular annular dark field scanning TEM (HAADF-STEM) and high resolution
contrast scan inspections (Fig.3.4.3) demonstrated a strong diffusion (>2nm) of In atoms in
the growth direction for the sample in which AlAsSb was grown directly after InGaAs
without any interface treatment. This structure contains a 3ML (monolayer = atomic layer)
thick AlAs spacer between AlAsSb and InGaAs layers to prevent diffusion of Sb atoms.
When no AlAs layer is introduced after AlAsSb, the diffused Sb atoms smear out the 6ML
thick QW, which consequently does not allow to achieve a reasonable quality of HAADFSTEM measurements due to a strong dependence of the intensity contrast on the atomic
number Z of the atoms in TEM. In order to be able to perform HAADF-STEM and high
resolution contrast scan inspections of a reasonable quality for the direct interface between
AlAsSb and InGaAs, a thicker (>5nm) InGaAs layer would have to be grown.
Flat and sharp interfaces were obtained in the structures with 2-3ML thick AlAs
spacers and 10-20s growth interruptions under As2 flux introduced on both sides of the
InGaAs well. No dislocations or residual strain were observed in these samples with the
STEM inspections. By applying such specific interface treatment procedure the interdiffusion
length (interface roughness, quantum well thickness fluctuations) was reduced from >2nm
(Fig.3.4.3) to ~0.4nm (Fig.3.4.4). Introduction of thicker AlAs layers resulted in strain
relaxation of the crystal due to the large lattice mismatch of ~3.5% between AlAs and InP
(In0.53Ga0.47As).
No significant improvement of the interface quality was observed in the samples with
the thickness of AlAs spacer less than 2ML. Growth interruption of less than 10s resulted in
2-4ML lateral fluctuations of the quantum wells thickness (Fig. 3.4.5), i.e. wavy interfaces
were observed, while interruptions of more than 20s demonstrated no further apparent
improvement of the interface flatness.
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3.4.1. Single Quantum Wells
In chapter 2 we discussed the theoretical modeling of ISBTs in our structures. In order
to verify the modeling results with the ISB absorption experiments for strained single QWs, a
set of samples with 3-9ML thick In0.78Ga0.22As/AlAs0.56Sb0.44 quantum wells was grown at
substrate temperature of 420 oC. The layer sequence of the single QW structure is shown
schematically in Fig.3.4.1.1. Taking into account the results of TEM inspections, growth
interruptions of 20s and 3ML thick AlAs spacers were introduced at each interface of the QW
stack.

Figure 3.4.1.1. Schematic presentation of the layer sequence in the single QW
structures.
A detailed discussion on the near infrared (NIR) polarization-resolved spectroscopy
for intersubband absorption measurements is provided in chapter 4. Figure 3.4.1.2 shows the
ISB absorption spectra of the samples with 5, 7 and 9ML thick QWs. Reduction of the QW
thickness from 9ML to 5ML resulted in a shift of the ISB absorption peak from 2µm to
1.76µm, the shortest ISB absorption peak wavelength that we managed to achieve in strained
single QWs. In thinner wells the upper energy level becomes a continuous state and the ISBT
energy decreases again.
In order to study the influence of the growth temperature on the quality of our layers,
we grew the optimised 5ML thick quantum well structure at several substrate temperatures
(390-420 oC). Reduction of the temperature from 420 oC to 400 oC resulted in narrowing of
the ISB absorption peak full width at half maximum (FWHM) from 380nm to 230nm, as can
been seen in Fig.3.4.1.3. This effect takes places due to a lowered surface mobility of the
atoms leading to reduced lateral fluctuations of the quantum well thickness and hence to a
smaller broadening of the absorption peak. Optical microscopy inspections revealed smooth
and defect-free surfaces of these samples. The fact that no wavelength shift of the peak was
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observed for different growth temperatures is an indication of very stable fluxes of the
molecular beams and high reproducibility of the system. Epitaxy at substrate temperature of
390 oC resulted in degraded crystalline quality of the structures. The reason for this
degradation comes from the weak surface migration of Al atoms, which leads to a
requirement of higher substrate temperatures and lower fluxes of the group V elements in
order to grow AlAsSb lattice of a reasonable quality.
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Figure 3.4.1.2. ISB absorption spectra measured in samples with 5, 7 and
9ML thick QWs.
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Figure 3.4.1.3. Intersubband absorption spectra measured in samples grown
at substrate temperature of 420 oC and 400 oC.
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Our absorption spectra show a significant redshift compared to simulations using a
square-like potential profile of the QWs, as shown in chapter 2. This wavelength shift is a
result of the deviation from the “ideal” square-like potential profile, which was observed with
the use of the TEM inspections even in the structures with the best interface quality. Taking
into account 1-2ML interface roughness measured by the high resolution contrast scan of the
optimised quantum well layers, good agreement between measurements and simulations was
obtained when 1.4ML interdiffusion length was introduced into the calculations as discussed
in chapter 2.

3.4.2. Coupled double quantum wells
To minimise the interdiffusion effects in our coupled double QW (CDQW) structures,
the choice of the coupling barrier material was made in favour of AlAs in stead of AlAsSb.
As can be seen from chapter 2 AlAs has similar properties as AlAsSb, which allows to
maintain the large conduction band offset ∆Ec and, hence, to obtain high energy intersubband
transitions.
In contrast to the growth of single QWs, insertion of 2-3ML thick AlAs spacers on
both sides of CDQWs with a 5-9ML thick AlAs coupling barrier results in a strain relaxation
of the epi-layers due to the 3.5% lattice mismatch between AlAs-layers and the InP-substrate.
The relaxation occurs as a result of an accumulated strain, which is defined as an average
strain per CDQW period multiplied by the number of periods. In order to avoid the strainrelaxation we strain-balanced our CDQWs using the thickness weighted method [130]. The
thickness weighted strain approach suggests that a strain-balanced structure is obtained from
the equivalent products of the thickness and the lattice-mismatch of the layers with tensile and
compressive strains, given by the following equation [131]:

d InGaAs

aInP − aInGaAs
a − a AlAs
0.
+ d AlAs InP
=
aInGaAs
a AlAs

(3.4.1)

Different methods for attaining the strain-balanced condition are discussed in appendix B. For
our CDQWs with the total thickness of two coupled wells in the range of d InGaAs = 3 − 4nm
and lattice constants of the InP-substrate aInP = 0.587 nm , tensile strained In0.78Ga0.22As
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aInGaAs = 0.597 nm and compressive strained AlAs a AlAs = 0.566nm , the strain compensation
= 1.7 − 1.9nm (5-6ML).
is attained with the thickness of AlAs layer in the range of d AlAs
In order to minimise intermixing effects at InGaAs/AlAsSb interfaces without using
AlAs spacers we developed a surface “finalisation” technique. With this technique epitaxy of
each InGaAs well was followed by a deposition of 0.5-1ML thick GaAs to “finalise” the layer
surface. Similar surface “finalisation” technique was applied for each AlAsSb barrier for
which 0.5-1ML thick AlAs was deposited to “finalise” the surface. Growth interruptions of
10-20s under As2 flux were applied at different interfaces.

Figure 3.4.2.1. Schematic presentation of the layer sequence in the structure with
CDQWs embedded between In0.78Ga0.22As0.45P0.55/InP waveguiding layers.
For comparison we present analysis of crystalline quality and surface morphology for
two samples of identical designs but grown with different interface treatment techniques.
Both samples consist of CDQWs embedded between In0.78Ga0.22As0.45P0.55/InP guiding layers
to form a slab waveguide as shown in Fig.3.4.2.1.
Sample A was grown with growth interruptions and surface “finalization” procedure,
which allowed strain-compensation in the CDQW stack. While for the growth of sample B
2ML thick AlAs layers were introduced on both sides of AlAsSb barriers, i.e. at each
InGaAs/AlAsSb interface, to minimise the interdiffusion effects in a similar way as for the
single QWs. For both samples a stable As2 flux was supplied during the growth of 70 periods
of CDQWs while a different As2 flux was used for the growth of InGaAsP layers. A special
care was taken to stabilise group V fluxes before the growth of each As- and P-containing
layer.
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3.4.2.2. Double-axis scans of ω-2θ rocking curves for the symmetric 004

reflection of samples A compared to the simulation.

Figure 3.4.2.3. Double-axis scans of ω-2θ rocking curves for the symmetric 004 reflection
of samples B compared to the simulation.
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The crystalline quality of both samples was verified by HR-XRD measurements of
rocking curves. Double-axis scans of ω/2θ rocking curves for the symmetric 004 reflection of
sample A shown in Fig.3.4.2.2. result in clearly resolved sharp characteristic peaks from the
CDQWs with the full width of half maximum ~0.036o (FWHM) comparable to the one of the
substrate peak. While broadening of the peaks to ~0.055o was observed in the measurements
of sample B shown in Fig.3.4.2.3. The increase in the FWHM of the peaks results from the
crystalline defects generated by the ~2% excessive strain present in one CDQW period of this
structure due to the AlAs spacer layers.

Sample A

Sample B

Figure 3.4.2.4. The surfaces of samples A and B obtained by optical microscopy in
Nomarski prism configuration.
Surface morphologies of the two samples were analysed by optical microscope
inspections. The inspections were performed in the bright/dark-field imaging and also with
Nomarski prism configurations. The results are consistent with the HR-XRD measurements.
In sample A a defect-free surface was observed, while in Sample B edge-dislocation defects
generated by the strain-relaxation of the epi-layers were observed on the surface (Fig.3.4.2.4).
Intersubband absorption properties of both samples were analysed with the
polarization-resolved experiments. A detailed discussion on the ISBA measurements and
fitting of the experimental results is provided in chapter 4. Comparable peak positions and
linewidths of the ISBA were observed for both samples. As can been seen from the spectra in
Fig.3.4.2.5, strain-relaxation in sample B showed no measurable influence on the energies of
the intersubband transitions in the CDQWs, whereas the 30nm increase in ∆λ14 for sample A
indicates that AlAs spacer layers provide sharper interfaces with reduced intermixing effects
compared to the surface “finalisation” technique. However, the edge dislocations produced by
the relaxation of the epi-layers result in a dramatic increase of optical losses for the structures
processed into ridge waveguides. As a consequence, this leads to extremely high operation
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energies required for all-optical switching with CDQWs embedded into waveguide structures,
discussed in chapter 6. Thus, in order to realise a low-loss, and hence an energy efficient
device, the strain-compensation and surface “finalisation” techniques in combination with the
growth interruptions were applied for the epitaxy of our CDQWs.
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Figure 3.4.2.5. Intersubband absorption spectra measured in samples A and B.

3.4.3. RHEED intensity oscillations over CDQWs growth
By studying the temporal changes in the RHEED beam intensity (intensity
oscillations) that occur during epitaxy, in-situ growth rates of different layers can be
determined [132, 133]. One cycle of the intensity oscillations corresponds to the time needed
to deposit one monolayer of the grown material [134]. With this technique the growth rates
and the layer thicknesses can be controlled with the mono-layer accuracy.
RHEED intensity oscillations measured during epitaxy of one period of a typical
CDQW structure are shown in Fig.3.4.3.1. The rotation of the substrate was stopped to record
the oscillations. The period starts with 0.5ML of AlAs (1a), followed by 5nm of AlAs0.56Sb0.44
(1b). After the 20s growth interruption under As2 flux (1c) a 0.5ML thick AlAs (1d) was
deposited to “finalise” the AlAs0.56Sb0.44 surface, followed by a 10s growth interruption (1e).
The quantum wells are grown in four steps: 2ML of In0.78Ga0.22As (2a, 4a), growth
interruptions for delta-doping with Si under As2 flux (2b, 4b), 3ML of In0.78Ga0.22As (2c, 4c)

Chapter 3: Epitaxial growth and characterization of the epi-layers

62

and 0.5ML thick GaAs to “finalise” the InGaAs layer surface (2d, 4d), followed by a 20s
growth interruption (2e, 4e). Intensity oscillations of the 7ML thick AlAs coupling barrier
(3a) are followed by the 10s growth interruptions (3b). Growth rates and layer thicknesses
deduced from the RHEED intensity oscillations are remarkably consistent with the results
obtained by the post-growth HR-XRD measurements. This allows us to perform MBE growth
of ultra-thin QW structures with the mono-layer thickness accuracy.
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Figure 3.4.3.1. RHEED intensity oscillations recorded during the epitaxy of one
period of CDQWs.
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3.5. Conclusions
Calibrations and optimisations of the growth conditions which satisfy the epitaxy of
multi-layer structures consisting of quaternary, ternary and binary materials allowed us to
acquire an excellent control of thicknesses and compositions in our heterostructures. The
state-of-the-art quality of our epi-layers can be justified by a comparison of InGaAs/AlAsSb
quantum cascade detector structures (not discussed in the scope of this thesis), which we grew
for a different project [135]. Structures grown in our MBE-system demonstrated 35%
narrower intersubband absorption lines and a factor of >10 higher detectivity compared to
similar layers grown by a different MBE-group.
We studied doping of InGaAs with Si by two different techniques. Good agreement
between volume- and delta-doped samples was achieved in terms of dependence of electron
mobility and Burstein-Moss shift on carrier concentration. High purity of In0.53Ga0.47As layers
was verified by SIMS and Hall mobility measurements.
Investigations of interfaces between InGaAs and AlAsSb layers in the QW structures
reveal intermixing of Sb and In atoms due to their strong interdiffusion properties. Insertion
of AlAs spacers at the interfaces resulted in a reduction of the interdiffusion effects and hence
QW thickness fluctuations from >2nm to <0.5nm. Narrowing of the intersubband absorption
linewidth by ~40% was achieved through optimisation of the substrate temperature for the
epitaxy of single QWs. In contrast to the growth of single QWs, insertion of the spacers on
both sides of CDQWs with an AlAs coupling barrier results in a strain relaxation of the epilayers due to the 3.5% lattice mismatch between AlAs-layers and the InP-substrate. Straincompensation and surface “finalisation” techniques in combination with growth interruptions
applied for the epitaxy of CDQWs ensured high crystalline quality and defect-free surfaces of
the structures. Measurements of RHEED intensity oscillations during the growth allow us to
in-situ control the film thicknesses with the mono-layer accuracy.
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Chapter 4
Intersubband spectroscopy
of QW structures

The polarization-resolved spectroscopy is a key method for the experimental
verification of intersubband transitions in our single and coupled-double quantum
well structures. The sample geometry and the sample preparation procedure are
presented in the first part of this chapter, followed by an introduction to the
experimental setup. Analysis of the experimental results with respect to
homogeneous and inhomogeneous broadenings of the measured absorption
spectra are discussed in the second part of the chapter. Impacts of different
scattering mechanisms on the dephasing time of the studied intersubband
transitions are addressed here as well.
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4.1. Waveguide geometry
A relatively simple and easy way to verify experimentally the energies of the
intersubband transitions (ISBTs) in a quantum well (QW) structure is to perform polarizationresolved absorption spectroscopy. According to the polarization selection rule, coupling of an
electro-magnetic wave to the ISBTs occurs only if its electric field contains a component
perpendicular to the semiconductor layers, i.e. only TM-polarized light can interact with the
subbands. In order to make sure that the TM-component is coupled to the ISBTs when
performing spectroscopic measurements, special sample geometries have to be used. Several
frequently employed coupling schemes and sample geometries are discussed by M. Helm in
the book of H. C. Liu and F. Capasso “Intersubband Transition in Quantum Wells” [58]. In
the course of this thesis, we used multiple-reflection waveguide geometry, where the incident
light undergoes several total internal reflections inside the sample at an angle θ = 450 .

Figure 4.1.1. Schematic representation of the 45o multiple-reflection waveguide
geometry.
The advantage of this geometry is that the surface reflection loss is the same for both
orthogonal polarizations, which is convenient for taking reference spectra. The interaction
length Lint of the light beam with the QWs can be varied by scaling the length Ls of the
sample and/or the thickness d s of the substrate as follows:

Lint =

dQW
cos θ

M

(4.1.1)
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where dQW is the total thickness of the QW layers and M = Ls / d s represents the number of
passes through the absorbing layers. When the light in the sample propagates at an angle

θ = 450 with respect to the surface of the structure as shown schematically in Fig.4.1.1, the
number of passes M through the absorbing layers depends on the length of the sample Ls
and the thickness of the substrate d s .
An experimental/practical drawback of this geometry is the displacement of the light
beam after traveling through the sample.

4.2. Preparation of the samples
The samples were cleaved into 5mm wide and 10mm long bars and two edges of the
bars were mechanically processed to form 45o facets parallel with respect to each other,
similar to the ones shown in Fig.4.1.1. For the processing of the facets we used the Logitech
PM5 Autolap system. Our experience showed that stable lapping conditions are obtained
when a force of ~1g/mm2 is applied to the InP-based sample. The jig developed in-house
specifically for the lapping of such facets is equipped with a digital weight-scale, with a lower
measurement limit of the applied force of ~500 ± 100mg. For this reason, to achieve stable
lapping, the minimum width of our 350μm thick samples is 3-5mm. For a sample length of
Ls = 10mm and thickness of d s = 0.35mm the number of light beam passes through the active
layers is M ≈ 28 , which was found to be sufficient to gain enough absorption for the
experimental verification of ISBTs in our structures. After lapping with the use of Al2O3
powder (grain size of 3 µ m) mixed with DI-water, the roughness at the facet surfaces was
smoothed by applying simultaneously the mechanical and chemical polishing. We used a
special CHEMLOX polishing solution and a disc with a polishing tissue to obtain mirror like
flat surfaces. A special care was taken for the supply of the CHEMLOX solution during the
polishing process. Too much solution results in a convex shape of the facet, while rough
surface occurs when not enough polishing solution is supplied. The optimum supply rate for
our InP-based structures was found to be ~1 drop/sec when the rotation of the disc with the
polishing tissue is at 50rpm.
As all our structures were grown on double-side polished substrates, there was no need
for extra treatment of the back side surface of the wafers. In order to facilitate the handling of
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the structures during measurements, the processed samples were mounted onto 10x10x2mm3
copper bars, as shown in Fig.4.2.1, with the NORLAND optical adhesive 68, which is a clear,
colorless, liquid photopolymer that cures when exposed to ultraviolet light. The samples were
cleaned in Trichlorethanol, followed by Aceton, Isopropanol and DI-water for 3min in each
solution, prior to mounting onto the copper bars.

Figure 4.2.1. A sample with 45o polished facets mounted onto a copper bar.

4.3. The experimental setup
The polarization-resolved intersubband absorption measurements were performed
using a Bruker Vertex70 Fourier transform infrared (FTIR) spectrometer, which provides a
spectral resolution of better than 0.2nm. In the course of this work, the experimental setup,
shown schematically in Fig.4.3.1, was developed for the measurements in the near infrared
(NIR) spectral range.

Figure 4.3.1. The polarization-resolved intersubband absorption measurement setup.
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A tungsten halogen lamp, providing a broad optical spectrum from the visible range

λ < 600nm to the mid-infrared (MIR) range λ = 5'000nm , was used as the white-light source.
After passing through the Michelson interferometer with the CaF2 beam-splitter, the whitelight was coupled into the sample using a gold-coated parabolic mirror. A spot-size of
~ 100 µ m in diameter was measured with a razor-blade method at the input facet of the
sample, which is located in the focus of the parabolic mirror. The polarization of the light was
controlled with a sheet polarizer placed in front of the sample. We used a ColorPol IR 1300
BC5 polarizer, which provides an extinction ratio of >10’000:1 between the two orthogonal
polarizations (TM and TE) for a broad wavelength range of =
λ 750 − 1'800nm . The
displacement of the beam in the vertical direction after passing through the sample was
corrected with two flat mirrors and the light transmitted through the sample was focused on
the detector with a parabolic mirror. As the detector we used a Peltier-cooled strained InGaAs
diode, which covers a spectral range from 800nm to 2’500nm.
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0.8
0.6

Unpolarized

0.4

TM

TE

0.2
0
1000

1500

2000

2500

3000

Wavelength, nm

Figure 4.3.2. Transmission through the polarization-resolved absorption setup
measured for the unpolarized, TM- and TE-polarized light.
Transmission through the setup measured without the sample for the unpolarized, TMand TE-polarized light are shown in Fig.4.3.2. The decrease of transmission for the polarized
light results from 50% polarization filtering and ~20% reflections introduced by the polarizer.
All measurements using this setup were performed at room temperature.

Chapter 4: Intersubband spectroscopy of QW structures

70

4.4. Intersubband absorption in quantum wells
Intersubband absorption occurs due to the interaction of an electro-magnetic field with
electronic transitions between the energy states within the same band of the quantum well,
either the conduction or the valance band. As discussed in chapter 2, the energies En of the
states in the QW are inversely proportional to the square of the well width Lw , equation 2.1.3.
Thus, the intersubband transition/absorption wavelength can be varied over a wide range,
from near-infrared (NIR) to far-infrared (FIR) by changing the width Lw of the QW, using the
same material system.
The absorption coefficient α (ω ) for the intersubband transition from the initial state
i to the excited state j can be expressed as follows [54, 58]:

=
α (ω )

Ns q2
fijδ ( E j − Ei − ω )
4c0ε 0 nm0

(4.4.1)

where N s represents the sheet carrier density in the well, q is the electron charge,  is the
reduced Planck’s constant, c0 is the speed of light in vacuum, ε 0 is the electric permittivity in
vacuum, n is the refractive index, m0 is the electron mass, E j − Ei denotes the separation
energy between the initial state i and the excited state j , and fij is the oscillation strength
between the two states.
The oscillation strength fij is given as follows:

=
fij

2m0
( E j − Ei ) zij
2

2

(4.4.2)

where zij is the dipole matrix element of the transition. This matrix element defines the
polarization selection rule for the intersubband transitions, which requires the electric field of
the radiation to have a component perpendicular to the semiconductor layers in order to
couple to the intersubband transitions.
To achieve the intersubband absorption in a QW the initial state i has to be populated
with electrons, which can be done either by pumping the carriers from the valence band by
illumination of the semiconductor with the radiation having a photon energy equal to or
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greater than the bandgap of the semiconductor, or by using an n-type doping of the well, so
that the Fermi level is located between the initial state i and the excited state j . In our
experiments, to ensure the population of the initial state i , the QWs were doped with Si
atoms, which act as donors for the InGaAs structure. The Fermi level energy EF is directly
proportional to the sheet doping density [136]:
m∗
( EF − Ei )
 2π

Ns
=

(4.4.3)

with a complete ionization of the donors, i.e. that the doping density equals the carrier density
N s . Taking into account the multiple-reflection waveguide geometry of our structures and by
replacing the energy-conservation delta-function δ ( E j − Ei − ω ) in equation (4.4.1) by a
normalized Lorentzian line

(E

Γ2

− Ei ) + ( Γ 2 )
2

j

2

[137], the absorption spectrum can be

calculated as follows:

E j − Ei ) Γ
(
Nsq2 2
sin 2 θ
α (E) =
zij
c0ε 0 n 4 ( E − E − E )2 + Γ 2 cos θ
j
i

(4.4.4)

where Γ is the full width at half-maximum (FWHM) of the absorption peak. The term
sin 2 θ / cos θ appears from the multiple-reflection geometry of our samples, sin 2 θ represents

coupling of the electric field of the radiation to the ISBTs and 1/ cos θ represents the increase
of the effective absorption thickness, as shown in section 4.1.1. The derivation of equation
4.4.4 from Fermi’s golden rule is presented in the following works [58, 136, 138, 139].
The FWHM Γ of the absorption peak is the result of the homogeneous and
inhomogeneous broadening effects. The homogeneous broadening is related to intrinsic
processes, such as scattering through interactions of electrons with phonons, ionized impurity
and electrons in neighboring subbands. Scattering by imperfections caused by the roughness
at the interfaces, related to the microscopic well thickness fluctuations, is another process
which strongly contributes to the homogeneous linewidth. Whereas, the inhomogeneous
broadening is mainly caused by the macroscopic lateral and well-to-well thickness
fluctuations in multi-QW structures. Scattering processes relevant to the broadening of the
intersubband absorption in our quantum well structures are discussed with respect to the
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analysis of the experimental results presented in the following sections of this chapter.
Detailed discussions on various scattering mechanisms influencing the linewidth of the
intersubband transitions are provided in text books, as e.g. “Quantum Well Infrared
Photodetectors” by H. Schneider and H.C. Liu [140] or “Intersubband Transitions in Quantum
Wells” by H.C. Liu and F. Capasso [58].

4.5. Intersubband spectroscopy of InGaAs/AlAsSb QW structures

4.5.1. Background spectra
In the course of this thesis, the transmission spectra through each sample were
measured with TM and TE polarized light, and normalized with the background transmission.
Two samples with 45o multiple-reflection geometry were prepared to collect the background
spectra. In the case of single QW structures transmission through a semi-insulating Fe-doped
InP-substrate was used as the background, while for the coupled double QWs the background
spectra were measured through a sample (Fig.4.5.1) with the QW region replaced by InP and
surrounded by the InGaAsP layers as in our slab waveguide design discussed in chapter 5.
The background transmission spectra collected through the InP and InGaAsP/InP samples are
shown in Fig.4.5.2.

Figure 4.5.1. The design of the InGaAsP/InP sample for the background
transmission measurements.
Since the intersubband absorption occurs only for TM polarized light, because of the
polarization selection rule, the TE transmission spectrum can be used as a baseline for the
intersubband absorption and the absorbance can be extracted as − log (TTM / TTE ) .
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Figure 4.5.2. Transmission spectra through the a) InP and b) InGaAsP/InP samples
for the TM- and TE-polarized light.
4.5.2. Linewidth of intersubband absorption peaks
As discussed in chapter 3, interdiffusion of In and Sb atoms between InGaAs wells
and AlAsSb barriers introduces roughness to the interfaces and results in fluctuations of the
QW thickness. In general, the interface roughness generates both homogeneous and
inhomogeneous broadenings. A qualitative measure to distinguish the two effects is given by
a comparison of the roughness correlation length Λ with the electron mean free path l : shortscale roughness ( Λ < l ), related to the microscopic well thickness fluctuations, leads to the
homogeneous broadening, while long-scale roughness ( Λ > l ), associated with the
macroscopic well thickness fluctuations, generates the inhomogeneous linewidth [141].
In order to estimated the homogeneous and inhomogeneous broadenings of ISBTs in
our QW structures, the measured absorption spectra were fitted with a Voigt lineshape. Such a
fit was applied earlier for analysis of the intersubband absorption spectra [142, 143]. In
spectroscopy, Voigt function is a superposition of independent Lorentzian and Gaussian lines,
which represent the homogeneous and inhomogeneous broadenings, respectively. The Voigt
profile is defined as follows [144]:
2 ln 2 Γ
αV ( E ) = 3/2 2L
π
ΓG

∫

e− E′

∞

−∞

2

2



E − Ec
ΓL  
− E′ 
 ln 2
 +  4 ln 2
ΓG  
ΓG



2

dE ′

(4.5.1)

where Ec is the center frequency of the inhomogeneous distribution, Γ L and ΓG are the full
width at half maximum (FWHM) of the Lorentzian and Gaussian profiles, respectively.
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Figure 4.5.3. The measured and fitted intersubband absorption spectra of the
structure with 2.1nm thick single QWs.
The evaluation results obtained for a structure containing 100 periods of strained
In0.78Ga0.22As/AlAs0.56Sb0.44 single QWs with a nominal well thickness of 2.1nm (7ML) are
demonstrated in Fig.4.5.3.
Estimation of the homogeneous and inhomogeneous lineshapes with the Voigt-profile
revealed Γ L =
60meV and ΓG =
50meV , respectively, which provide an optimal fit to the
experimental data. These analysis indicate that the measured absorption spectrum has a strong
contribution from both broadening mechanisms, which are discussed further in the text. The
same analysis were performed for structures with 5ML and 9ML thick QWs. Fitting of the
measured absorption spectra with the Voigt-profile showed a strong dependence of the
homogeneous broadening Γ L on the width of the wells. The linewidth narrowing from
ΓL =
80meV in the 5ML thick QWs to Γ L =40meV in the 9ML thick wells was observed.
The physical origin of this dependence can be understood by considering the energies of the
states in a QW with infinitely high barriers:

En = n 2

 2π 2
2m∗ L2w

(4.5.2)
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where En represents the energy of a state with a subband index n and Lw is the width of the
QW. A fluctuation of the well width ∆Lw , related to the short-scale roughness, leads to a
broadening of the energy states as follows [140, 141]:

=
∆En n 2

 2π 2 2
∆Lw
2m∗ L3w

(4.5.3)

or
∆En =
2 En

∆Lw
Lw

(4.5.4)

Thus, in narrower QWs, which have higher energies En of the excited states the broadening
effect ∆En is larger than in wide QWs.
A quantitative model, which allows to predict broadening of ISBTs due to interface
roughness has been developed and successfully verified by Unuma et. al. [141]. In this model
the roughness height ∆ ( r ) at the in-plane position r = ( x, y ) is assumed to have a Gaussian
correlation function:

 r − r′ 2 
∆ ( r ) ∆ ( r ′ ) = ∆ exp  −

2


Λ


2

(4.5.5)

where ∆ is the mean height of the roughness and Λ is the correlation length. The intraIFR
subband scattering rate Γintra
due to interface roughness is proportional to the effective mass

m∗ and it scales quadratically with the conduction band offset ∆Ec and roughness height ∆

as follows:

IFR
=
Γintra

2 2
m∗ ∆ 2 Λ 2
2 π
( F00 − F11 ) ∫0 dθ e− q Λ 4
2


where form factors F00 =
∆Ec ϕ00 (− L 2)

2

and F11 =
∆Ec ϕ11 (− L 2)

(4.5.6)

2

are expressed as

functions of the amplitudes of the wavefunctions ϕ00 (− L 2) and ϕ11 (− L 2) , respectively, at
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the well/barrier interface − L 2 . The wavevector q exchanged during the scattering process is
defined =
as q 2 4m∗ E  2 ⋅ (1 − cos θ ) , where θ is the scattering angle.
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Figure. 4.5.4. Combinations of the roughness height ∆ and the correlation
IFR
length Λ values, which provide the best fit of Γintra
to Γ L in single (SQW) and

coupled double (CDQW) quantum well structures.
IFR
In order to compute Γintra
, the roughness height ∆ and the correlation length Λ

should be known. Since it is rather challenging to accurately determine these values with
direct measurements, we first find the combinations of ∆ and Λ (Fig.4.5.4) which provide
IFR
the best fit of Γintra
to the Γ L values obtained for structures with the 5ML, 7ML and 9ML

thick single QWs (SQW) as discussed earlier in this section and for the ones with coupled
double QWs (CDQW) as will be discussed in section 4.5.4. Then we set the roughness height
to ∆ =2 Lid , where Lid is the interdiffusion length defined in chapter 2 and we assume that
with similar growth conditions the correlation length Λ is the same for SQWs and CDQWs.
As can be seen from Fig.4.5.4, with ∆ SQW =
0.84nm and ∆ CDQW =
0.6nm we find Λ =8.2nm ,
IFR
which provides the best fit of Γintra
to the Γ L values for both SQW and CDQW structures.

The determined correlation length is in a good agreement with the values Λ = 5 − 18nm
reported for InGaAs/InAlAs and InAs/AlSb QW structures grown at different substrate
temperatures [145, 146, 157].
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If we assuming an error of ±10% for the determined correlation length Λ , the
IFR
IFR
expected linewidth broadening in the range of Γintra
= 35 − 45meV and Γintra
= 72 − 88meV is

obtained for the 9ML and 5ML thick SQW structures, respectively (Fig.4.5.5).

Linewidth broadening, meV

100

∆ = 0.84nm
10
Λ = 7.4nm
1

Λ = 8.2nm
Λ = 9nm

5ML (ΓL)
7ML (ΓL)
9ML (ΓL)

)
5ML (ΓIFR
intra

)
7ML (ΓIFR
intra
)
9ML (ΓIFR
intra

0.1
0

2

4

6 8 10 12 14 16 18 20
Correlation length Λ, nm

IFR
and Γ L
Figure 4.5.5. The intersubband absorption linewidth broadening Γintra

plotted as a function of the correlation length Λ for the 5ML, 7ML and 9ML
thick single quantum well structures.

4.5.3. Dephasing time
The analysis results of the experiments on intersubband spectroscopy with our QWs
were used to evaluate the dephasing time τ d , which is required for the interpretation of carrier
dynamics in our structures discussed in chapter 6. Optical transitions in a QW system are
normally described by the density matrix. The carrier relaxation process can be expressed
with a population decay time τ , which represents the decay of the diagonal elements of the
density matrix, and a polarization decay time τ d , also called a dephasing time, which
describes the decay of the off-diagonal elements. Both of these decay times contribute to the
broadening of the intersubband absorption peak and they are interrelated as follows:

 1
1
=
Γ L 2 
+ .
 2τ τ d 

(4.5.7)
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While the population decay time τ can be measured with a pump-probe experiment as shown
in chapter 6, a direct measurement of the polarization decay time τ d is not straightforward at
room temperature, as τ d is generally comparable or shorter than the laser pulses. In a nonlinear technique like four wave mixing, which is used to determine τ d experimentally, ultrashort pulses in the order of ~100fs are usually employed. In order to measure sub 100fs time
constants, a laser source with ~10fs pulses is required. As an alternative, the absorption
spectrum, representing the line shape of the ISBTs, can be used to estimate the linewidth Γ L
IFR
(in our case Γ L =Γintra
) as we did earlier in this chapter and, thus, to determine the dephasing

time τ d with the use of relation 4.5.7.
The population decay time τ of ~2.5ps was measured by the pump-probe technique
and it is in fairly good agreement with the calculated values of ~2.3ps. Calculations of τ
were realized with the Calcul-Bande software, which is a self-consistent Schrödinger-Poisson
solver based on the transfer matrix method [146, 147]. Since in the particular case of our
single QWs τ  τ d , the term 1/ 2τ in equation 4.5.7 becomes negligibly small and τ d can
be estimated directly from Γ L . As the result we obtained the room temperature dephasing
times τ d of 19fs, 22fs and 38fs for the 5ML, 7ML and 9ML thick QWs, respectively. The
reported τ d values for InGaAs QWs vary between 10fs and 300fs, depending mainly on the
thicknesses and alloy compositions of the wells [148-150]. Mozume et al reported

τ=
10 − 20 fs for strained In0.75Ga0.25As QWs, which is comparable to the results obtained
d
with our structures [151].

4.5.4. Spectroscopic analysis of CDQWs
The intersubband absorption spectra measured in the coupled double QWs (CDQWs)
were analyzed following the same procedure as we presented for the single QWs. Our
CDQWs were designed as a four-level system schematically shown in Fig.4.5.6. In the
intersubband spectroscopy experiments we focused only on the transitions from the lowest
populated state E1 to level E4 and from the second populated state E2 to level E3 , since
E1 → E2 and E3 → E4 transitions are out of the measurable range of our experimental setup
and the other transitions are forbidden by the parity selection rule. The parity selection rule
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states that only parity changing (odd-to-even and even-to-odd) transitions are allowed in a
symmetric QW due to the inversion symmetry of the potential [61, 152]. The QWs were
doped with Si to the carrier concentrations of 1018-1019cm-3 in order to populate the first two
energy states E1 and E2 which results in a Fermi-level ( E
=
700 − 900meV ) located above
F
level E2 as schematically shown in Fig.4.5.6.

Figure 4.5.6. Schematic representation of the energy levels in a CDQW structure.
The measured and fitted absorption spectra of the strained In0.78Ga0.22As double QWs
with the nominal well thickness of 2.1nm (7ML), coupled by an 2.26nm (8ML) thick AlAs
barrier are shown in Fig.4.5.7. The structure contains 70 periods of such CDQWs, where each
period is separated by a 5nm thick AlAs0.56Sb0.44 barrier. The overall absorption spectrum of
this sample is the sum of two peaks corresponding to the E14 and E23 transitions.
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Figure 4.5.7. The measured and fitted intersubband absorption spectra of the
structure with 2.1nm thick double QWs coupled by an 2.26nm thick barrier.
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The Voigt-function fit with two peaks (Fig.4.5.7) reveals homogeneous broadenings
Γ14 =
0.13eV and Γ 23 =
0.095eV of the E14 and E23 transitions, respectively. The Gaussian
linewidth, representing the inhomogeneous broadening, was set to a value of ΓG =
0.05eV ,
obtained from the analysis of the 7ML thick single QWs, discussed earlier in this chapter.
The room-temperature dephasing times τ d = 10 fs and τ d = 14 fs are then estimated with the
use of equation 4.5.7 for E14 and E23 , respectively.

4.5.5. Impact of doping on dephasing time
As can be seen from equation 4.4.4, the intersubband absorption strength can be
controlled by adjusting the free carrier concentration in the structure. Doping of our QWs with
Si, on one hand, provides free carriers to enhance the absorption but on the other hand, it
introduces impurities to the epi-layers. These impurities, as well as electron-electron
interactions, act as scattering centers contributing to the homogeneous broadening of the
intersubband transitions and hence reducing the dephasing time τ d .
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Figure 4.5.8. Dephasing times of the E14 and E23 transitions as a function of
the carrier concentration.
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In the course of this thesis, the influence of the doping concentration on the dephasing
time was studied in CDQW structures doped to carrier concentrations of 3.4⋅1018 –
1.1⋅1019cm-3. One period of the QWs consists of two 1.75nm thick In0.78Ga0.22As wells
coupled with a 1.93nm thick AlAs barrier. The periods are separated by 5nm thick AlAsSb
barriers. The dephasing times of the E14 and E23 transitions estimated from the intersubband
absorption spectra are plotted in Fig.4.5.8 as a function of the carrier concentration. The
relatively week dependence of τ d on the doping concentration suggests that broadening of the
ISBT lines in the studied structures occurs mainly due to the scattering at the interface
roughness. Indeed, it was found that at room-temperature in narrow QWs (<10nm) the
contribution of the electron-electron and ionized impurity scatterings to the broadening of the
intersubband absorption line is relatively weak compared to the interface roughness scattering
[153-156].

4.6. Conclusions
In this chapter we presented a procedure for evaluation of the homogeneous and
inhomogeneous broadenings of the intersubband absorption lines using the Voigt-function fit.
The observed strong dependence of the homogeneous broadening on the thickness of the QWs
results from the microscopic well thickness fluctuations, related to the short-scale interface
roughness. The relatively broad absorption lines Γ L = 40 − 80meV in the 5-9ML thick single
QWs translate into room-temperature dephasing times τ=
38 − 19 fs in these structures.
d
Analysis of the intersubband absorption spectra measured in 6-7ML thick CDQWs revealed

τ d = 5 − 14 fs of the E14 and E23 transitions. The reduction of the dephasing times in the
CDQWs results from the strong dependence of the homogeneous broadening on the energies
of the excited states. Thus high energy E4 and E3 states in the CDQW structures experience
larger broadening than the excited state in a two-level single QW. A relatively weak
dependence of τ d on the doping concentration was observed in the studied CDQWs. This
suggests that the broadening of the ISBT lines in these structures occurs mainly due to the
scattering at the interface roughness, while contributions of other scattering mechanism, such
as electron-electron, electron-phonon or ionized impurities are rather weak. It is obvious that
in order to reduce the linewidth of the intersubband absorption peaks in our QW structures,
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interface roughness has to be minimized. As discussed in chapter 3, the intediffusion effects
and hence the interface roughness in our hetero-structures have been reduced from Lid > 6 ML
to Lid < 2 ML , further improvement of the interface quality is rather challenging for this
material system with the currently available growth techniques. As an alternative, wider QWs
(>10ML) can be employed to attain narrow-line intersubband absorption. Advantages and
drawbacks of thick QWs are discussed in chapter 6.
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An active inline waveguide structure is necessary for the realization of a practical
all-optical switch. The operation energy of all-optical switches can be minimized
by maximizing the confinement of the light field to the active layers. Waveguiding
challenges and solutions to the problems of light confinement in the ultra-thin
InGaAs/AlAsSb quantum well structures are addressed in this chapter. We present
the process steps developed for the fabrication of our deeply-etched ridge
waveguide devices and we summarize the optical loss measurement results for the
structures studied in the course of this thesis.
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5.1. Waveguide design
A typical semiconductor slab waveguide consists of three layers, as schematically
demonstrated in Fig.5.1.1. The centre layer is the core region with a refractive index n2 > n1 ,
where n1 is the refractive index of the cladding layers. Light is confined in the core region of
the waveguide and, thus, guided by total internal reflection. This occurs only if the refractive
index of the core layer n2 is larger than the one of the claddings n1 .

Figure 5.1.1. Schematic representation of a typical slab waveguide.
In order to describe the properties of optical modes in slab waveguides Maxwell’s
equations have to be solved. The optical waveguide theory based on the electromagnetic
analysis and on the ray analysis is discussed in details in numerous textbooks [158-160]. In
the course of this thesis, Maxwell’s equations were solved with the use of the 1-D mode
solver based on the transfer matrix algorithm [161]. An example of the transverse electric
(TE) and transverse magnetic (TM) mode profiles in a typical semiconductor slab waveguide
simulated for the wavelength of λ = 1550nm are shown in Fig.5.1.2. The waveguide consists
of a 750nm thick InGaAsP core layer with the refractive index of n = 3.36 . The claddings are
built of an InP-substrate on one side and a 500nm thick InP top layer with n = 3.17 on the
other side of the core region. Due to the relatively high refractive index contrast between
InGaAsP and InP, more than 80% of the optical mode intensities is confined in the core layer
of the waveguide.
In our structures a stack of In0.78Ga0.22As/AlAs0.56Sb0.44 coupled double quantum wells
(CDQWs), acting as the active waveguide core region, has an average refractive index of only
n = 3.18 for the wavelength of λ = 1550nm . Since the structures are grown on InP substrate

( n = 3.17 ) it is difficult to find a material compatible with the molecular beam epitaxy (MBE)
and at the same time having a low enough refractive index to serve as claddings for the
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waveguide. To achieve light guiding in our structures, we introduced high refractive index
( n = 3.36 ) InGaAsP guiding layers on both sides of the CDQWs stack to confine the optical
mode in the core region. The InP substrate and top layer on the lower and upper sides of the
core act as the waveguide claddings. With the chosen concentrations of Ga(22%) and
As(45%) the InGaAsP layers can be grown lattice-matched to the InP substrate and remain
transparent for the wavelength of λ = 1550nm , confining the optical mode to the CDQWs.

Figure 5.1.2. TE and TM mode profiles in an InP/InGaAsP slab waveguide.

5.1.1. Vertical waveguide layer structure
The thicknesses of the InGaAsP guiding layers have been optimized for the mode
confinement by means of 1D simulations, based on the transfer matrix algorithm. Since
ISBTs are strongly polarization dependent and they couple only to the light with the
transverse magnetic field [58], at the moment we present simulation results only for TM
modes in the investigated structures. Wavelength dependent room temperature refractive
indices for ternary and quaternary materials were computed using the Afromowitz model
[162]. A weighted refractive index n = 3.18 was calculated for the CDQWs stack with respect
to the layer thicknesses. The InGaAsP guiding-layer thicknesses were adjusted for the
maximum overlap of the optical mode with the core region. Initially, two structures
containing core regions of different thicknesses with 40 and 80 periods of CDQWs,
corresponding to 490nm and 980nm thickness, were investigated. The layer thicknesses in nm
for one CDQW period of the studied designs are as follows: 1.74/1.45/1.74/5 for
In0.78Ga0.22As/AlAsSb/In0.78Ga0.22As/ AlAs0.56Sb0.44, respectively. The QWs are presented in
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roman, while the barriers are shown in bold. Additional 4ML thick AlAs interdiffusion
stopping layers were introduced at each InGaAs/AlAsSb interface. A 500 nm thick InP upper
cladding was found to be optimal in terms of mode overlap with the core region for both
structures and was fixed for further optimizations.

a)

b)

c)
Figure 5.1.3. Dependence of the optical mode overlap with the coupled doubled quantum
wells on the thickness of the upper and lower InGaAsP guiding layers in structures with
the 500nm thick InP top layer and a) 490nm, b) 980nm and c) 735nm thick core regions.
Figures 5.1.3 a and b represent the results of the guiding layer thicknesses optimizations
for the 490nm and 980nm thick core regions. As expected, no optical mode is confined in the
core region for both structures when no InGaAsP guiding layer is introduced. The highest
overlap of the mode with the core region of Γ > 60% is found in the structure with 80 CDQW
periods, embedded between the 20-50nm and 100-150nm thick lower and upper InGaAsP
guiding layers, respectively (Fig. 5.1.3.b). Light guiding in this structure can be obtained even
if no lower guiding layer is introduced. The main drawback of this design is that the MBE
growth of such thick CDQW structures with high crystalline quality is rather challenging.
Indeed, the low growth rates required to obtain ultra thin layers with monolayer thickness
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accuracy and desired compositions, lead to growth times of >10h for the epitaxy of complete
structures. Such long growth periods consequently lead to flux instabilities with time,
resulting in a lower structure quality. Reducing the number of CDQW periods to 40 on one
hand allows to shorten the growth time and to obtain high-quality structures but on the other
hand leads to a reduction of the mode overlap with the core region to Γ < 50% (Fig.5.1.3.a).
A good compromise between the core region thickness and the mode overlap factor is
reached in structures with 60 periods of CDQWs (Fig.5.1.3c). Simulation results demonstrate
a maximum mode overlap with the core region of Γ ≅ 55% for the 50nm and 150nm thick
lower and upper InGaAsP guiding layers, respectively. Finally, in order to obtain a symmetric
optical mode with a uniform mode intensity distribution over the CDQWs, the upper InGaAsP
layer thickness was reduced to 105nm, which in return reduced the overlap factor to
Γ =50.1% [173]. The TM mode profile in the optimised structure is shown in Fig.5.1.4.

Figure 5.1.4. TM-mode profile in the optimized waveguide design.

5.1.2. Two-dimensional optical mode confinement
So far we have considered confinement of the TM-modes only in the vertical
direction. The lateral confinement of light in our devices is realized by etching deep ridge
waveguides. In order to calculate the two-dimensional electric field distribution in our
waveguide structures we used the commercial Finite Difference Frequency Domain “MODE
Solutions” software package developed by Lumerical.
A typical ridge waveguide, schematically shown in Fig.5.1.5a, is formed by shallow
etching of the upper cladding, which results in a weak lateral confinement of the mode due to
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the relatively low effective refractive index contrast for the core region in the horizontal
direction. The main advantage of the ridge waveguides is that the single mode operation can
be obtained in relatively wide ridges. The 2-D simulations of our structures reveal single
mode operation in the ridges as wide as w= 2 −μm
7

. These waveguides have only the InP

layer etched through down to the upper InGaAsP guiding layer. For this design high order
modes appear when the ridge width is w > 7μm , while no optical modes could be found in
the waveguides with w < 2μm .

a)

b)
Figure 5.1.5. Schematic representation of the a) ridge and b) trench waveguides.
In contrast to the shallow-etched ridges, trench waveguides, demonstrated in

Fig.5.1.5b, are realized by etching trenches through the core region deep into the substrate,
which results in a higher lateral refractive index contrast and, thus, it provides a stronger
lateral confinement of the mode. Profiles of the fundamental TM-modes simulated in the 2µm
wide single mode ridge and multi-mode trench waveguides are demonstrated in Fig.5.1.7a
and b, respectively.

Figure 5.1.6. Schematic representation of our deeply-etched ridge waveguide.
With respect to the simulation results, the width of our deep trench waveguides has to
be as narrow as w ≤ 0.5μm , in order to ensure a single mode operation. Such a narrow
waveguide would have at least two drawbacks. First, the coupling of light into this structure is
rather challenging. The diffraction-limited spot size for the wavelength of λ = 1550nm is
~775nm, which is the smallest spot to which the laser beam can be focused. Thus, waveguides
with the width of w ≤ 0.5μm would require an additional access unit, as e.g. an access
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waveguide tapered from 3-10µm to the w ≤ 0.5μm , in order to couple the light from the edge
efficiently. Second, patterning of features with the sub-µm dimensions is not trivial by the
standard photolithography technique. Mainly because of the diffraction effects, the resolution
of the commonly used ultraviolet (UV)- and deep UV-lithography with the wavelengths of
405nm and 220nm is limited to ~500nm and ~300nm, respectively. Fabrication of
waveguides with the width of w ≤ 0.5μm would require an electron-beam lithography in
combination with the dry-etching technique. As it was reported earlier, the dry-etching
process results in rough sidewalls of the trenches [163]. As a consequence, for the sub-µm
wide waveguides the roughness at the sidewalls leads to a drastic increase (factor of 3-4) of
the waveguide losses, which is not favorable for our devices for achieving low operation
powers.

a)

b)

c)

d)

Figure 5.1.7. Profiles of the fundamental TM-modes simulated in the a) 2µm wide singlemode ridge, b) 2µm wide multi-mode trench, c) and d) 2µm and 5µm wide single-mode
deeply-etched ridge waveguides, respectively. The higher-order modes of the trench
waveguide are filtered out in figure b) for clarity reasons.
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In the course of this thesis, the structures were etched through the CDQW stack
~300nm deep into the InP-substrate. This results in the deeply-etched ridge waveguides, as
schematically represented in Fig.5.1.6. With respect to the 2-D simulation results, the single
mode operation for such design can be achieved with the 1.5-5µm wide waveguides. The
number of modes and the mode refractive indexes as a function of waveguide width for the
deeply-etched ridge waveguides used in this work are presented in Fig.5.1.8.

Mode index neff
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Figure 5.1.8. TE and TM modes of the deeply-etched ridge waveguide used
in the course of this thesis as a function of waveguide width.
The electric field distribution of the fundamental TM-modes simulated in the 2µm and
5µm wide single mode deeply-etched ridge waveguides are demonstrated in Fig.5.1.7c and d,
respectively. Such ridge structures can be easily fabricated by the standard photolithography
and wet-etching techniques as discussed in the following section of this chapter. The mode
calculations performed for the <2µm wide structures result in the fundamental modes for the
TE-polarized light, however no confinement for TM-polarized light occurs in such ridges, as
the mode is pushed out into the substrate. No light confinement for both TE- and TMpolarizations was found in waveguides with the width of <1.5µm. Higher-order modes were
found in the >4.5µm and >5µm wide ridges for TE- and TM-light, respectively.
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5.1.3. Optical mode confinement in doped structures
Until now we discussed waveguiding properties of our structures assuming no
intentional doping of the layers, which allowed us to use intrinsic material refractive indices
to compute the waveguide modes. However, in active structures the QWs are doped to
relatively high carrier concentrations in the range of 1018-1019cm-3. At such high doping levels
the refractive index n of the doped-layers is changed due to absorption by free carriers and as
a consequence the confinement Γ of the optical mode to the active layers is reduced. With
respect to the Drude-Lorentz model, the refractive index change ∆n fc due to the free-carrier
absorption is directly proportional to the carrier concentration N and to the square of the
wavelength λ [164]. The corresponding ∆n fc is given by [165, 166]:

q 2λ 2
N
∆n fc =
− 2
8π ε 0 nc 2 m∗

(5.1.1)

where m∗ is the effective mass of the carriers, c is the speed of light in vacuum, ε 0 is the

Refractive index change ∆nfc

dielectric constant and q is the elementary charge.
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Figure 5.1.9. Computed refractive index change ∆n fc of InGaAs QWs as a
function of carrier concentration for λ = 1430nm , λ = 1550nm and

λ = 1730nm .
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The free-carrier induced refractive index change of our doped InGaAs QWs computed
using equation 5.1.1 for three different wavelengths λ = 1430nm , λ = 1550nm and

λ = 1730nm is plotted in Fig. 5.1.9. We assume that the free-carrier absorption and hence
∆n fc occur only in the intentionally doped layers, which are InGaAs wells in our case.

In addition to free-carrier absorption, which is polarization independent, doping of the
QWs to high levels increases also the intersubband absorption (ISBA) [198]. Due to the
polarization dependence of the intersubband transitions (ISBTs), the ISBA-induced refractive
index change ∆nISBA occurs only in the presence of TM-polarized light. To calculate ∆nISBA ,
we apply the standard two-level model for the linear response of the QW system to an
external electromagnetic field of frequency ω interacting with the ISBTs [167]. The real χ ′
and the imaginary χ ′′ parts of the susceptibility χ=
(ω ) χ ′ (ω ) − i χ ′′ (ω ) are coupled by the
Kramers-Kronig relations as follows [167-169, 174]:

χ ′ (ω ) =

χ ′′ (ω ′ )
dω ′
π −∞ ω ′ − ω
1

χ ′′ (ω ) = −

+∞

P∫

(5.1.2)

χ ′ (ω ′ )
dω ′
π −∞ ω ′ − ω
1

+∞

P∫

(5.1.3)

where P is the Cauchy principal value of the integral. In the case of a two-level quantum
system, solutions to equations 5.1.2 and 5.1.3 for a response of a Lorentzian shape with a full
width at half maximum Γ , are given in the following analytical form [167, 170]:

χ ′ (ω ) =

( ω0 − ω )
q 2 z 2 ∆N
2ε 0  (ω − ω )2 + Γ
0

χ ′′ (ω ) =

Γ
q 2 z 2 ∆N
2
2ε 0  (ω − ω )2 + Γ
0

( 2)

2

( 2)

2

(5.1.4)

(5.1.5)

where ∆N is the carrier population difference between the two states, z and ω0 are the
dipole matrix element and the frequency of the transition, respectively. From the relation
between the imaginary part of the susceptibility χ ′′ (ω ) and the absorption coefficient
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1ω
χ ′′ (ω ) we obtain exactly the same expression as equation 4.4.4 in chapter 4,
2 nc

which represents the intersubband absorption coefficient:

( )

Γ
q 2 z 2 ∆N ω0
2
α (ω ) =
4ε 0 nc (ω − ω )2 + Γ
0

( 2)

2

.

(5.1.6)

The corresponding change of the refractive index ∆n is obtained as follows [170]:

∆n (ω ) ≅

χ ′ (ω )
2n

( ω0 − ω )
q 2 z 2 ∆N
=
4ε 0 n (ω − ω )2 + Γ
0

( 2)

2

.

(5.1.7)

In the case of our CDQWs, which is a four-level system exhibiting two main ISBA
peaks, related to the E14 and E23 transitions, as discussed in the previous chapters, the
absorption spectra are computed as a superposition of two corresponding ISBA peaks

α ISBA
=
(ω ) α14 (ω ) + α 23 (ω ) using equation 5.1.6. For a given doping/carrier concentration
N the density of the population difference between two corresponding states is given as

∆N ij ≡ N ( ρii − ρ jj ) , where ρii and ρ jj are the probabilities of finding an electron in states i

and j , respectively [167]. In the linear absorption regime ρ jj ≈ 0

and ∆N ij ≡ N ρii . The

ISBA-induced refractive index change is then computed using equation 5.1.7 as

∆nISBA (ω ) = ∆n14 (ω ) + ∆n23 (ω ) .
The expected and measured ISBA spectra and refractive index change of a CDQW
structure exhibiting absorption peaks at E14 = 0.867eV and E23 = 0.717eV are represented in
Fig.5.1.10. For the sake of simplicity, we assume that ∆nISBA occurs only for InGaAs layers in
our CDQW structures. The dipole matrix elements z14 = 4.8 A and z23 = 7.55 A were
computed using the self-consistent Schrödinger-Poisson solver [146, 147]. The homogenous
broadenings Γ14 =
0.22eV and Γ 23 =
0.147eV were obtained from the Voigt-function fit of
the measured absorption spectrum as discussed in chapter 4. The QWs are doped to a carrier
concentration of N
= 7.1 ⋅1018 cm −3 . A detailed discussion on the design of this structure,
which was used to study the carrier dynamics in our CDQWs is provided in chapter 6. The
ISBA measurements were performed with the 45o multiple-reflection waveguide geometry
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samples, as discussed in chapter 4. The measured α ISBA (ω ) was found to be 25% lower than
the expected one. This discrepancy can be related to several reasons, such as overestimated
interaction length of the light beam with the QWs or lower than expected doping

Absorption αISBA, cm-1
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Figure 5.1.10. a) Intersubband absorption α ISBA and b) refractive index change ∆nISBA in a
CDQW structure exhibiting two absorption peaks at E14 = 0.867eV and E23 = 0.717eV .
Since α ISBA and ∆nISBA are directly proportional to the carrier concentration N , we
can compute the absorption coefficient and the refractive index change as a function of N for
a certain frequency ω . As we showed in chapter 4, the linewidth broadening Γij of the ISBTs
in our CDQW structures is dominated by scattering at interface roughness, whereas no
significant influence of the doping concentration on the linewidth was observed. For that
reason we assume that for the given CDQW design Γij is constant in the range of carrier
concentrations used for the calculations. The expected and fitted α ISBA and ∆nISBA as a
function of N for two wavelengths λ = 1430nm and λ = 1730nm are represented in
Fig.5.1.11.
With the calculated ∆n fc ( N ) and fitted ∆nISBA ( N ) we compute the refractive index
nInGaAs ( N ) of the InGaAs wells as a function of carrier concentration N for the TE- and TMpolarized light:
TE
nInGaAs
( N )= n0 + ∆n fc ( N )

(5.1.8)

TM
nInGaAs
( N )= n0 + ∆n fc ( N ) + ∆nISBA ( N )

(5.1.9)

where n0 is the refractive index of the intrinsic InGaAs layer.
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Figure 5.1.11. a) The intersubband absorption coefficient α ISBA and b) the refractive index
change ∆nISBA of InGaAs wells as a function of carrier concentration N for two wavelength

λ = 1430nm and λ = 1730nm .
The weighted refractive index ncore ( N ) of the waveguide core region, which consists
of the CDQWs, is then approximated with respect to the layer thicknesses as follows:

=
ncore ( N )

1

 d AlAsSb nAlAsSb + d AlAs nAlAs + d InGaAs nInGaAs ( N ) 
d period 

(5.1.10)

where d period is the thickness of one period of the CDQWs, d AlAsSb , d AlAs , d InGaAs and nAlAsSb ,
nAlAs , nInGaAs ( N ) are the total thicknesses and refractive indices of the AlAsSb, AlAs and
InGaAs layers in one period, respectively. The computed nInGaAs ( N ) and ncore ( N ) for three
different wavelengths λ = 1430nm , λ = 1550nm and λ = 1730nm are plotted in Fig.5.1.12.
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Figure 5.1.12 Refractive indices of a) In0.78Ga0.22As wells and b) waveguide core region as a
function of carrier concentration calculated for λ = 1430nm , λ = 1550nm and λ = 1730nm .
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Finally we calculate the confinement factor Γ , which describes the overlap of the
optical mode with the core region of the waveguide. We compute the TE and TM modes of
the waveguides containing CDQWs doped to various carrier concentrations for three different
wavelengths λ = 1430nm , λ = 1550nm and λ = 1730nm . The confinement factor Γ is then
defined as a ratio of the mode intensity E 2 ( x ) overlapping with the core region to the total
mode intensity in the waveguide:
d /2

∫
Γ=
∫

− d /2
∞
−∞

E 2 ( x ) dx

(5.1.11)

E 2 ( x ) dx

where d is the thickness of the core region. The calculation results plotted in Fig.5.1.13 show
the largest decrease of Γ from ~50% to ~30% for the TM-polarized light at a wavelength of

λ = 1430nm , which is induced mainly by the ∆nISBA ( N ) . A similar dependence of Γ on the
carrier concentration is observed for λ = 1550nm . The relatively low Γ at λ = 1730nm is
related to the fact that this waveguide design was optimised for the wavelength of

λ = 1550nm .
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Figure 5.1.13 Confinement factor Γ of the TM- and TE- modes to the core
region as a function of the carrier concentration N

λ = 1430nm , λ = 1550nm and λ = 1730nm .
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5.2. Fabrication of deeply-etched ridge waveguides
a)

b)

c)

d)

e)

f)

Figure 5.2.1. Process steps for fabrication of the deeply-etched ridge waveguides.
The steps followed in the fabrication process of our deeply-etched ridge waveguides
are illustrated in Fig.5.2.1. After the MBE growth the samples are cleaved into ~1cm2 chips.
A 500nm thick layer of a positive photoresist (AZ1505) is deposited on the top surface of the
chip by spin-coating at 4000rpm (Fig.5.2.1b). The waveguide stripes are patterned by
exposing the photoresist with a UV-light ( λ = 405nm ) in a contact printing mask aligner
(Karl Süss MA6), followed by a development of the exposed resist in a KOH-based solution
(Fig.5.2.1c,d). The pattern is transferred from the photoresist to the semiconductor layers by
wet-etching using the HBr:HNO3:H2O (1:1:10) solution (Fig.5.2.1e). Then the remaining
photoresist is removed by steering the sample in acetone for ~3min and the chip is cleaved
into 1mm and 3.2mm long bars (Fig.5.2.1f).
The HBr:HNO3:H2O solution etches non-selectively and isotropically the multi-layers
in our structures composed of various materials, which results in smooth etched profiles.
Lateral under-etching of 1.5µm from both sides of the ridges was taken into account for the
design of the chromium mask used to pattern the waveguides. The under-etching was
evaluated experimentally by performing etching tests with similar structures. For that reason
the waveguide stripes on the mask are 3µm wider than the processed ridges. Scanning
electron microscopy (SEM) images of the processed deeply-etched ridge waveguides are
shown in Fig.5.2.2. The cleaved 1mm and 3.2mm long bars, each containing typically 4-5
blocks with waveguides of different width (2µm, 3µm, 5µm and 10µm) are used for optical
characterizations discussed in the following sections of the thesis.
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a)
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Figure 5.2.2. Scanning electron microscopy images of a) 2µm and b) 5µm wide
deeply-etched ridge waveguides.
The arrangement of the waveguides on the chip is sketched in Fig.5.2.3. The 3.2mm
long ridges with the width of 2-5µm have tapered access waveguides on both sides. The
10µm wide and 250µm long access waveguides are tapered to the corresponding ridge width
over the length of 100µm. To form the 1mm long samples, the access waveguides were
cleaved off as depicted with the dashed lines in Fig.5.2.3.

Figure 5.2.3. Arrangement of the waveguides on the chip.
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5.3. End-fire setup and Fringe-contrast method
The end-fire setup, schematically shown in Fig.5.3.1, was built and optimised by our
group for the optical loss measurements in the ridge/trench and photonic crystal waveguides.
Two tuneable laser sources from Agilent Technologies allow to cover a broad spectral range
of wavelengths from 1465nm to 1630nm. The outputs of the lasers are combined with a
polarization-maintaining 2x2 coupler. One output of the coupler brings 50% of the light to the
reference power-meter, while the second output delivers the rest of the laser emission to the
sample via a polarization-maintaining lensed fibre. Only single-mode fibre optics is used to
deliver the laser beam to the sample. The light transmitted through the sample is collected by
the microscope objective and delivered to the signal power meter through an aperture. Both
power-meters are the calibrated InGaAs detectors from Agilent Technologies. The
microscope objective used to collect the light transmitted through the sample has a numerical
aperture of 0.65 and a magnification of 40.

Figure 5.3.1. Schematic representation of the end-fire setup.

The cleaved facets of our waveguides form a Fabry-Perot cavity due to reflections at
the air/semiconductor interfaces. The reflection coefficient R can be estimated with the use
of the refractive indices n1 and n2 of the materials, which form the interface. For a multilayer structure, like a slab waveguide, n2 represents an effective refractive index of the
heterostructure. In the case of our deeply-etched ridges with n1 = 1 and n2 = 3.18 at

λ = 1550nm for the air and the semiconductor, respectively, the reflection coefficient R can
be estimated from the following relation:
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2

 n2 − n1 
=
R =
 27.2% .
 n2 + n1 

(5.3.1)

The interference effects, which occur in such a cavity provide a Fabry-Perot fringe
profile over a certain wavelength range of the transmitted laser light. For a waveguide with
the length of L = 3.2mm at λ = 1550nm the distance between the maxima of two
neighbouring fringes is

=
∆λ

λ2

= 0.118nm .
2 ⋅ L ⋅ n2

(5.3.2)

These fringes can be used to estimate the optical losses of our waveguides by applying
the fringe-contrast method. The contrast C between the maxima Fmax and minima Fmin of the
fringes, both measured in dBm, is calculated as follows:

C = 10

Fmax − Fmin
10

.

(5.3.3)

The waveguide loss then can be evaluated with the following relation:
11

C −1 

-1
α = − 
 in [cm ]
L  R C +1

(5.3.4)

A very detailed discussion on our end-fire measurement setup and the fringe-contrast method
is provided in the PhD thesis of Patric Strasser [163].
In the course of this thesis, the transmission through the waveguides was scanned
around λ = 1550nm over the wavelength range of ∆λm ~ 1nm . The tuneable laser sources
allow to perform the scans with a resolution of δλ < 0.001nm . As an example of
experimentally obtained Fabry-Perot fringes and evaluated propagation losses, a power
spectrum of the TE-polarized signal beam transmitted through a 5µm wide and 3.2mm long
passive deeply-etched ridge waveguide is shown in Fig.5.3.2. The design and the calculated
mode profiles of the InGaAsP/InP passive waveguide are presented in Fig.5.1.2. A loss value
of α = 0.67cm −1 ( 2.9dB / cm ) was estimated for this waveguide by introducing the measured
L , λ , ∆λ and C parameters into the set of equations 5.3.1-5.3.4.
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Figure 5.3.2. Power spectrum of the signal beam transmitted through a 5µm
wide and 3.2mm long passive InGaAsP/InP deeply-etched ridge waveguide.

5.4. Waveguide loss measurements in InGaAs/AlAsSb structures
Since our QW structures are highly absorbing for the TM-polarized light, the end-fire
measurements were performed with the TE-polarization, for which the structures are
transparent. The experimental results for waveguides of different width are shown in
Fig.5.4.1. The three curves represent the losses measured in the structures which differ only
by the number of carriers N in the CDQWs.
To interpret the experimental results we determine scattering and free-carrier
absorption as two mechanisms, which contribute to the optical losses in our waveguides. In
the non-intentionally and low-doped structures with carrier concentrations of N < 1017 cm −3
the losses are dominated by the scattering at imperfections. These imperfections are normally
related to the device fabrication quality and they include the epitaxy defects, the interface
roughness between different layers of the structures and the side-wall roughness produced in
the fabrication process steps for the deeply-etched ridges. The waveguide losses of

α = 0.67cm −1 ( 2.9dB / cm ) related to the scattering mechanism were measured in the nonintentionally doped passive deeply-etched ridge structures presented in the previous section of
this chapter.
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Figure 5.4.1. Waveguide losses measured with TE-polarized light in
structures doped to different carrier concentrations.
The second loss mechanism is related to the free carrier absorption caused by the
interaction of the free carriers with the optical field. As we discussed in chapter 4, the CDQW
structures have to be doped to the carrier concentrations of 1018-1019cm-3 in order to populate
the first two energy states in the four-level system. These high doping levels lead to an
increase of the free carrier absorption and, thus, to higher optical losses in our waveguides.
The free carrier absorption mechanism can be described with the Drude model [164],
which considers the free electron density N , the electron effective mass m∗ and the
collision/scattering time τ as follows:
Z
Nq 2 λ 2
α=
4π c 2 nr m∗τ

(5.4.1)

where Z = 1/(ε c) is the impedance of free space, ε is the vacuum permittivity, c is the speed
of light in vacuum, nr is the refractive index, q is the electron charge and λ is the optical
wavelength at which the free carrier absorption α occurs. Since the Drude model does not
take into account the quantum mechanical origin of the processes, which lead to the free
carrier absorption, it represents only a crude approximation [171]. Nevertheless, it is
sufficient to explain the increase of the waveguide losses in our structures with high doping
concentrations.
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Figure 5.4.2. The estimated waveguide losses as a function of the
free-carrier concentration.
The estimated optical losses depending on the carrier concentration in the CDQWs of
our deeply-etched ridge structures are presented in Fig.5.4.2. The free carrier absorption was
calculated with the use of equation 5.4.1, while the scattering loss measured in the passive
structure was assumed to be independent on the doping concentration. A typical scattering
time τ = 80 fs was used for the calculations [172]. The Drude model provides only a
qualitative description of the losses. In order to obtain a complete understanding of the loss
mechanisms in our waveguides a deeper analysis of various scattering and absorption
processes is require.

5.5. Conclusions
In contrast to the multiple-reflection waveguide geometry discussed in chapter 4, ridge
waveguides analysed in this chapter enable the realisation of an inline device for all-optical
switching. These waveguides allow to confine light to relatively small areas ( < 10 µ m 2 ),
which enables operation of the devices at lower control energies.
The relatively thick AlAsSb and AlAs layers with refractive indices as low as n = 3
and n = 2.9 , respectively, lead to a weighted refractive index of only n = 3.18 for the stack of
InGaAs/AlAsSb CDQWs, acting as a waveguide core region. Since our structures are grown
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on InP substrate ( n = 3.17 ) it is difficult to find a material compatible with the molecular
beam epitaxy and at the same time having a low enough refractive index to serve as claddings
for the waveguide. To achieve light guiding in our structures, we introduced high refractive
index ( n = 3.36 ) InGaAsP guiding layers on both sides of the CDQW stack, which confine
the optical mode to the core region. A strong mode confinement to the QWs is required for
maximum efficiency of the intersubband absorption in our ridge waveguide structures
discussed in chapter 6. An overlap of the mode with the CDQW stack Γ > 50% was obtained
through optimisation of thicknesses for the InGaAsP guiding layers. Influence of doping on
Γ was found to become significant at carrier concentrations of N > 5 ⋅1018 cm −3 . Analysis of
optical modes in our deeply-etched ridge waveguides, using the Finite Difference Frequency
Domain 2D mode solver, reveal single mode operation with 1.5 − 5µ m wide ridges. No light
confinement was found for the < 1.5µ m wide structures, as the mode is pushed out from the
ridge into the substrate.
A process based on the photolithography and wet-etching techniques was developed
for fabrication of our deeply-etched ridge waveguides. Defect-free and smooth etched profiles
were obtained with the non-selective and isotropic HBr-based etching-solution for our multilayer structures composed of various materials. The only drawback of this process is that the
smallest achievable feature size is limited to ~ 1µ m , mainly due to the diffraction effects in
the photolithography process.
Waveguide propagation losses in the range of 1-7cm-1 were measured for TEpolarized light in 2 − 10 µ m

wide ridges with CDQWs doped to various carrier

concentrations. The free-carrier absorption, directly proportional to the doping concentration,
was found to be the main loss mechanism in our intentionally doped structures. Because of
the relative high intersubband absorption which vanishes the Fabry-Perot fringes in the EndFire experiments, we do not discuss in this chapter waveguide losses for the TM-polarized
light. Optical losses for both TE and TM polarizations estimated from the absorption
saturation experiments with our deeply-etched ridge waveguides are discussed in the next
chapter.
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Chapter 6
Carrier dynamics in CDQW structures

Switching capabilities of our quantum well structures are discussed with respect
to absorption saturation and time-resolved experiments. The light intensity
required to saturate the intersubband absorption in the studied coupled double
quantum wells has been measured using a multiple-reflection waveguide
geometry of the samples. Experiments with the quantum wells embedded into
ridge waveguide structures demonstrate the proof-of-concept of an inline ultrafast all-optical switching device. Impacts of InP two-photon absorption and
polarization-dependent waveguide loss on the performance of inline devices are
analyzed in this chapter. Two single-wavelength time-resolved experiments using
a heterodyne pump-probe technique were carried out to study the intersubband
absorption recovery times of different transitions in coupled double quantum
wells.
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6.1. Choice of structure
To study carrier dynamics in our structures the coupled double quantum wells
(CDQWs) were designed, for experimental reasons, in a way that allows the use of the signal
and the idler beams from our optical parametric oscillator (OPO) at λ = 1430nm and

λ = 1730nm to excite the E1 − E4 and E2 − E3 transitions, respectively. The maximum
available output power P ≈ 100mW

of the non-amplified OPO idler beam around

λ = 1730nm prompted us to design the low energy E2 − E3 transition for this wavelength.
The high energy E1 − E4 transition was designed for λ = 1430nm taking into account the
splitting energy between levels E1 and E2 . Tuning of the E1 − E4 transition from

λ = 1430nm towards λ = 1550nm , close to the telecommunication band, with the E2 − E3
transition fixed at λ = 1730nm results in a reduction of the splitting E12 to an energy
comparable with or lower than the LO-phonon energy ELO = 34meV of the quantum wells,
which enables a thermal re-excitation of carriers from level E1 to level E2 when the latter one
is depopulate by a pump [175, 176]. In the case of E12 > ELO , the thermal excitation of
carriers from E1 to E2 is still possible, however the probability of such transitions is rather
low, since the wavevector q exchanged during this process is inversely proportional to the
LO
transition rate Γinter
and it is directly proportional to the splitting energy E12 [141].
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Figure 6.1.2. a) Coupled double quantum well design for experiments on carrier dynamics; b)
measurement and fit of the intersubband absorption spectrum of the studied structure.
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With respect to the modeling results, intersubband absorption (ISBA) peaks at
wavelengths of λ = 1430nm and λ = 1730nm corresponding to the E1 − E4 and E2 − E3
transitions, respectively, are expected in a structure consisting of two 1.75nm thick
In0.78Ga0.22As QWs coupled by a 1.93nm thick AlAs barrier as shown in Fig.6.1.2a. The ISBA
spectrum of the designed structure shown in Fig.6.1.2b was measured and fitted following the
same procedure as discussed in chapter 4. The CDQWs analyzed in this chapter are doped to
a carrier concentration of 7 ⋅1018 cm −3 , which results in the Fermi-level EF located ~100meV
above level E2 . Influence of the doping concentration on the performance of the studied
structures is discussed in section 6.2.4.

6.2. Intersubband absorption saturation
In the previous chapters we analyzed the linear properties of our QW structures
excited with low light intensities, so that the intersubband absorption was far from being
saturated. In this section we provide a discussion on the theoretical and experimental results
of the CDQW absorption properties at high excitation intensities. The nonlinear properties of
our structures, which define the energy required for the operation of the studied devices, are
analyzed in terms of intensity dependent saturable absorption.

6.2.1. Theory
As discussed in chapter 4, the unsaturated ISBA coefficient for an i − j transition in a
two-level system at a resonant wavelength λ  ω = Eij is given by the following expression:

α0 =

N s zij2 q 2 Eijτ d
 2 c0ε 0 n

(6.2.1)

where N s is the sheet carrier density in the well, zij and Eij are the dipole matrix element and
the energy of the transition, respectively, and τ d is the dephasing time. In equilibrium the
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carrier density N j in the upper/excited subband j satisfies the following rate equation
condition:
dN j
Nj
I
= α ( I 0 ) 0 −= 0
ω τ j
dt

(6.2.2)

where τ j is the carrier lifetime of the j -th subband. The intensity dependent saturable
absorption α ( I 0 ) will decrease with increasing intensity I 0 of the light with the photon
energy of ω = Eij coupled to the i − j intersubband transitions (ISBTs). The saturation
intensity I sat is defined when α =
( I 0 I=
sat )
i and j are equal to N i =

α0
2

. In this case the carrier densities in subbands

1
3
N s and N j = N s − N i = N s , respectively. From equation 6.2.2
4
4

the ISBA saturation intensity I sat is derived for a two-level system as follows:

I sat =

 2 c0ε 0 n
.
2 zij2 q 2τ jτ d

(6.2.3)

This equation represents the trade-off between the switching speed and energy given
by τ j and I sat , respectively [177].
Equation 6.2.3 can be used as an approximation also for a four-level system excited
with an ultra-short pulse ( τ pulse < τ ISBTs ) at a resonant frequency ω = E14 , assuming that
E2 − E1 and E4 − E3 transition times are similar and that they are much shorter than the times
of all other transitions in the system (τ 21 ≈ τ 43 )  τ 41 ,τ 42 ,τ 31 ,τ 32 , which is the case for our
CDQWs represented in Fig.6.1.1a. When the system is excited with ω = E23 , the structure
with the four energy states behaves like a classical two-level system, as long as the splitting
energy between levels E1 and E2 is larger than the LO-phonon energy E12 > ELO and no
thermal re-excitation of carriers from level E1 to level E2 occurs.
The ISBA α ( I 0 ) as a function of light intensity I 0 can be approximated using the
saturable absorption expression:
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(6.2.4)

A derivation based on carrier rate equations for the saturable absorption expression 6.2.4 is
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provided in the appendix C.
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Figure 6.2. Dependence of the saturation energy density on the duration of the
pump pulse, computed using a dynamic model for the intersubband absorption
at E1 − E4 transition. The computations were performed for a CDQW structure
similar to the studied one assuming a dephasing time of τ d ,14 = 10 fs . The
simulation courtesy Ping Ma.
Saturation intensity values of I sat = 600 MW / cm 2 and I sat = 25MW / cm 2 were
calculated for the studied CDQW structures using equation 6.2.3 with z14 = 4.8 A , τ 4 = 334 fs ,

τ d ,14 = 5 fs and z23 = 7.55 A , τ 3 = 1.99 ps , τ d ,23 = 8 fs for the ISBA at E1 − E4 and E2 − E3
transitions, respectively. The dephasing times τ d were estimated from the homogeneous
broadenings Γ L of the corresponding ISBTs as demonstrated in chapter 4. Dipole matrix
elements

z14 ,

z23

and carrier lifetimes

τ4

( 1/ τ 4 = 1/ τ 43 + 1/ τ 42 + 1/ τ 41 ) and

τ3

( 1/
=
τ 3 1/ τ 32 + 1/ τ 31 ) for both transitions were computed using the self-consistent
Schrödinger-Poisson solver [146, 147]. With 150fs short pulses the calculated saturation
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intensities

I sat

correspond

to

the

energy

densities

of

Esat = 900 fJ / µ m 2

and

Esat = 38 fJ / µ m 2 for the E1 − E4 and E2 − E3 transitions, respectively.

Dependence of the saturation energy density on the laser pulse duration has been
studied by Ping Ma using a dynamic model [180]. When the laser pulse duration is longer
than the carrier relaxation time of the corresponding transition, the saturation energy density
increases quasilinearly, since a large number of carriers relaxes within the pulse duration, thus
reducing the pumping efficiency. Dependence of the saturation energy density on the duration
of the pump pulse, computed using a dynamic model for the intersubband absorption at
E1 − E4 transition is represented in Fig.6.2. The computations were performed for a CDQW
structure similar to the studied one assuming a dephasing time of τ d ,14 = 10 fs .

6.2.2. Experimental setup

Figure

6.2.1.

Experimental

setup

for

intersubband

absorption

saturation

measurements of the CDQW structures processed into a 45o multiple-reflection
waveguide geometry.
In the course of this thesis, the ISBA saturation experiments were carried out with

τ pulse = 150 fs pulses at a repetition rate of Tr = 80MHz from a Spectra-Physics OPO system.
The OPO signal and idler beams can be tuned over the wavelength range of

λsignal
= 1350 − 1600nm and λ=
1650 − 1800nm , with the maximum output average powers
idler
of Psignal ≈ 250mW

and Pidler ≈ 100mW

around λsignal = 1500nm and λidler = 1730nm ,

respectively. The ISBA saturation experimental setup is schematically represented in
Fig.6.2.1.
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The OPO output beam was coupled into the sample by a diffraction-limited Best-Form
lens with a focal length of f = 75mm . The focused beam spot diameter of ~50µm at the input
facet was measured by a razor-blade method. After passing through the sample it expands to
~160µm at the output facet. The light intensity coupled to the ISBTs in samples with the
multiple-reflection waveguide geometry was estimated as follows:

=
I0

P0

Trepetitionτ pulse A

(1 − R ) sin 2 θ cos θ

(6.2.5)

where P0 is the average output power of the OPO and A is the beam cross-section area at the
input facet, R = 27% is a reflection coefficient at the air/semiconductor interface, sin 2 θ
represents coupling of the electric field of the radiation to the ISBTs and cos θ describes the
geometrical increase in the beam cross section due to the obliquity factor in the multiplereflection geometry of the waveguide with θ = 45o . Reflections at the output facet were taken
into account for the evaluation of the average power Pt transmitted through the sample using
the following relation:

Pt =

Pt ,m
(1 − R )

(6.2.6)

where Pt ,m is the measured average power of the transmitted light.
A zero-order half-wave plate was used to ensure TM and TE polarizations of the
beam. The light intensity was varied with neutral-density filters. Similar filters were used to
balance the signals received by the two power-meters in the setup without the sample. Both
power-meters are calibrated InGaAs detectors: Anritsu ML9001A =
( λ 750 − 1800nm ) and
HewlettPackard 8153A (=
λ 800 − 1650nm ). Since the measurement range of average optical
powers of the detectors is limited to=
P 1nW − 10mW (Anritsu) and=
P 1 pW − 2mW
(HewlettPackard), for measurements at P > 2mW calibrated attenuators (factor of 10, 20 and
100) were introduced in front of the power-meters. The linear behavior of the experimental
setup without the sample was verified by the measurements of the average input power P0
(Anritsu) and transmitted power Pt ,m (HewlettPackard) at a wavelength of λ = 1430nm
represented in Fig.6.2.2. For experiments at λ = 1730nm only the Anritsu power-meter was
used to measure the input and output powers. The experiments were performed in the dark,
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which allowed to reduce the detection limits to Pt ≈ 400 pW and P0 ≈ 12nW for the
transmitted and input powers, respectively. In the absorption saturation experiments the
average powers of the signals transmitted through the sample were measured in the range of
=
Pt 20 µW − 20mW , which is well above the detection limit of the system.
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Figure 6.2.2. Verification of the linear behaviour of the experimental setup
without the sample at a wavelength of λ = 1430nm .

6.2.3. ISBA saturation in CDQWs
For the evaluation of the ISBA saturation intensities, transmission curves as a function
of the input light intensity were measured with TM- and TE-polarized light. In the multiplereflection waveguide geometry the transmitted light interacts mainly with the InP-substrate,
which is much thicker than the QW layers. At high light intensities I 0 > 10 MW / cm 2 a twophoton absorption effect occurs in the InP-substrate, which hampers the direct evaluation of
the ISBA saturation intensity. A TPA coefficient of β= 17 ± 3cm / GW at λ = 1430nm was
measured in a bare InP-substrate processed into the 45o multiple-reflection waveguide
geometry. Experimental values of the TPA in the range of β= 15 − 30cm / GW for similar Fedoped InP substrates have been obtained also by other research groups for the wavelength
range around λ = 1550nm [178, 179]. As shown in section 6.2.1, saturation intensities
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I sat = 600 MW / cm 2 and I sat = 25MW / cm 2 are expected for the E1 − E4 and E2 − E3
transitions, respectively. Due to the polarization dependence of the ISBTs, the TPA effects
can be eliminated by taking the ratio of the transmission curves measured with TM- and TEpolarized light, which allows a direct estimation of the ISBA saturation intensity I sat by
fitting the experimental data with the saturable absorption expression 6.2.4.
The intersubband absorption coefficients α ISBA were estimated through the following
relation to the transmittance:

α ISBA = −

T 
1
ln(10) log  TM 
Lint
 TTE 

(6.2.7)

where Lint is the interaction length of the light beam with the QWs defined as follows:

Lint =

Lw
L
Nw s .
cos(θ )
ds

(6.2.8)

Factors Lw and N w represent the thickness and the total number of the QWs, respectively, Ls
and d s denote the length and the thickness of the sample, respectively, and θ is the angle of
incidence with respect to the normal to the plane of the layers.
The unsaturated ISBA coefficients =
α 0 290 ± 10cm −1 and =
α 0 620 ± 5cm −1 were
obtained for the wavelengths of λ = 1430nm

and

λ = 1730nm , respectively. The

experimental results (Fig.6.2.3) exhibiting saturation intensities I=
600 ± 60 MW / cm 2 and
sat
I sat= 31 ± 3MW / cm 2 show fair agreement with the theoretical values of I sat = 600 MW / cm 2

and

I sat = 25MW / cm 2

for the

E1 − E4

and

E2 − E3

transitions, respectively. The

measurement error of the experimental curves is estimated to be ±10%, which results mainly
from the laser beam cross-section, which is not constant in the 45o multiple reflection
waveguide.
Despite the trade-off between the response time τ j and the saturation intensity I sat
shown in equation 6.2.3, the relatively high I sat values observed in the studied structures are
caused by the large homogeneous broadening of the ISBA lines. In chapter 4 we performed
analyses of the absorption spectra measured in our QW structures and we showed that the
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short-scale well thickness fluctuations ∆Lw generated by the interdiffusion effects are the
main contributors to the ISBA linewidth. Stronger broadening ∆En of the excited state En
occurs in thinner QWs as ∆En = 2 En ∆Lw / Lw . Therefore, it is obvious that the interdiffusion
effects have to be minimised in order to reduce the ISBA linewidth. As discussed in chapter 3,
with the optimised MBE growth procedure the interdiffusion effects and hence the QW
thickness fluctuations in our structures have been reduced from more than 6ML to less than
2ML. With today’s growth techniques available for this material system further reduction of
∆Lw is rather challenging. On the other hand, narrower ISBA lines and hence lower saturation
energies Esat can be obtained in wider QWs with lower energies of the excited states En .
Simoyama et al reported Esat = 34 fJ / µ m 2 measured at the E1 − E4 ISBA peak wavelength of

λ = 1620nm in the CDQW structures with the well thicknesses of Lw = 2.8nm [128]. Their
results, which represent the state of the art for all-optical switches based on ISBTs in
InGaAs/AlAsSb QWs, are comparable to the Esat = 38 fJ / µ m 2 measured at a wavelength of

λ = 1730nm for the E2 − E3 transition in our CDQWs.
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Figure 6.2.3. Experimental and fitting results of the material intersubband
absorption saturation for the E1 − E4 and E2 − E3 transitions.
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6.2.4. Experiments with active ridge waveguides
So far we used the 45o multiple-reflection waveguide geometry for our structures,
which is appropriate for experiments to study the material properties of the QWs. However,
for practical applications an inline device is required. In order to realise an inline all-optical
switch we designed a slab waveguide structure for our devices as discussed in chapter 5. Even
though the studied CDQW structures were designed for investigations of the material
properties and not yet for the best performance of a practical all-optical switch, we performed
absorption saturation experiments at λ = 1430nm with these structures processed into deeplyetched ridge waveguides. The outcome of these experiments allows us to demonstrate the
proof-of-concept and identify/analyze the challenges which have to be overcome in realisation
of a low-energy inline all-optical switch based on ISBTs in InGaAs/AlAsSb QWs.

Figure 6.2.4. Schematic representation of a waveguide segmentation applied in
computations of the intensity dependent absorption with the distributed model.
A distributed model developed by Ping Ma allows one to compute the light intensity
transmitted through a waveguide of a certain length as follows [180]:

I n = I n −1e

− αWG +α n ( I n−1 )  Ls

(6.2.5.1)

with

α n=
( I n−1 )

α 0Γ

I
1 + n −1
I sat

+ β I n −1

(6.2.5.2)
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where Ls is the length of a segment as schematically illustrated in Fig.6.2.4 and Γ represents
the overlap of the optical mode with the QW layers. After computing the intensities I n of the
light transmitted through each segment the overall intensity dependent absorption α ( I 0 ) of
the light transmitted through the whole length of the device is plotted in cm-1 using the
following relation:

1
L

 In 
.
I
 0

α ( I 0 ) = − ln 

(6.2.5.3)

Experiments with waveguide devices were carried out using the pump-probe (PP)
setup discussed in the next section of this chapter. For these experiments the setup was
equipped with the calibrated InGaAs detectors to measure the average powers of the input P0
(Anritsu) and transmitted Pt (HewlettPackard) signals. The detection limits were reduced to
Pt ≈ 30 pW and P0 ≈ 2nW by shielding the setup with an opaque cover. In the absorption
saturation experiments the average powers of the signals transmitted through the sample were
measured in the range of=
Pt 2nW − 300 µW , which is well above the detection limit of the
system.

Table 6.2.1. Modelling parameters for the best fit to the experimental data.
Waveguide loss αWG , cm-1
Two-photon absorption β , cm/GW
Unsaturated ISBA coefficient α 0 , cm-1
Mode overlap with QWs Γ , %
Saturation intensity I sat , MW/cm2

TE

TM

3.5

66±2

18±2

18±2
280±10
6±0.3
600±50

The intrinsic waveguide loss αWG = 3.5cm −1 of the studied devices was measured with
the End-Fire (EF) technique as discussed in chapter 5. A coupling efficiency of the optical
power into the waveguides in the PP-setup was estimated by subtracting the waveguide loss
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from the port-to-port power loss for TE-polarized light. This results in a coupling efficiency
of ~44%.
The intensity-dependent absorption measurements were performed with TE- and TMpolarized light on 1mm long and 2 µ m , 3µ m , 5µ m wide single-mode waveguides. Modeling
parameters for the active waveguide, which provide the best fit to the experimental data are
listed in Table 6.2.1. A TPA coefficient of β= 18 ± 2cm / GW obtained from the experiments
with TE-polarized light (Fig.6.2.5a), supported by similar values measured in a bare InPsubstrate processed into the 45o multiple-reflection waveguide geometry, suggests that with
the studied structures the TPA effect occurs mainly in InP.
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Figure 6.2.5. Measured and modeled intensity dependent absorption in waveguides of
different width for a) TE- and b) TM-polarized light at a wavelength of λ = 1430nm .
The two-photon absorption and relatively high polarization-dependent waveguide
losses, in combination with the non-resonant intersubband absorption, of the studied
structures conceal the E1 − E4 ISBA saturation effect in experiments with TM-polarized light
(Fig.6.2.5b). The polarization dependent loss (PDL) strongly depends on the edge dislocation
density and n-doping concentration in the grown structures. The edge dislocations introduce
acceptor centres along the dislocation lines [181, 182]. The acceptor centres aligned
perpendicularly to the epi-layers are charged by capturing electrons and they act as a wiregrid polarizer [183, 184]. With higher n-doping of the structures the charging of the
dislocation lines increases and the polarizer effect is intensified [185]. Since the charged
dislocation lines are aligned perpendicularly to the epi-layers the PDL occurs only for TMpolarized light with no effect on TE-polarization. Edge dislocations in a ridge waveguide
acting as a wire-grid polarizer are schematically illustrated in Fig.6.2.6.
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Figure 6.2.6. Schematic representation of edge dislocations in a ridge
waveguide acting as a wire-grid polarizer.
Due to the non-resonant intersubband absorption and the PDL much higher waveguide
losses αWG = 66cm −1 were obtained for TM-polarized light compared to the αWG = 3.5cm −1 for
TE-polarization. Structures of the same design but with QWs doped to a lower carrier
concentration of 3.5 ⋅1018 cm −3 exhibit smaller loss values of αWG = 1cm −1 and αWG = 35cm −1
for TE- and TM-polarized light, respectively. In experiments with the 45o multiple-reflection
waveguide geometry the PDL has not been clearly observed mainly due to the much shorter
interaction length Lint ≈ 10 µ m of the light with the QWs compared to Lint ≈ 1mm in the
deeply-etched ridge waveguides.
A relatively strong (~90%) TE polarized beam was measured at the output of the
waveguides due to the strong attenuation of the TM-polarized light by the ISBA and PDL. A
Glan-Thompson cube polarizer was used to control the polarization of the detected signal.
The lowest PDL is expected in non-strained structures due to the significantly lower
densities of edge-dislocations in lattice-matched layers. Thus, InGaAs QWs lattice-matched to
the InP-substrate would be favoured for accomplishing a low-loss inline all-optical switch
based on ISBTs in InGaAs/AlAsSb QWs. For a practical device, operated at low switching
energies, the material absorption saturation intensity has to be reduced to at least
I sat < 100 MW / cm 2 , which would allow one to minimise the negative effect of the TPA in InP

on the saturation of the ISBA. As discussed already in the previous section, the ISBA
saturation intensity can be decreased by designing the CDQWs with thicker wells, which will
lead to a reduced broadening of the ISBTs.
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Figure 6.2.8. The simulated temporal evolution of the carrier density
difference between energy states E1 and E4 for the optimised CDQW design
excited with a Gaussian pump pulse at a wavelength of λ = 1550nm . The
simulation courtesy Ping Ma.
With respect to our modeling results, a CDQW structure consisting of 2.56nm thick
In0.53Ga0.47As wells coupled by an 1.19nm thick AlAs barrier, shown in Fig.6.2.7, was found
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to be an optimal design in terms of switching speed and energy. This design allows operation
at a wavelength of λ = 1550nm using the E1 − E4 transition with the absorption recovery time
of τ = 600 fs (Fig.6.2.8). Modeling of carrier dynamics in our CDQW structures is discussed
in the next section of this chapter. The expected intersubband absorption saturation intensity
of I sat = 10 MW / cm 2 was estimated using equation 6.2.3 with the dipole matrix element of
z14 = 4.92 A and dephasing time of τ d = 130 fs . The dephasing time =
τ d 119 − 145 fs was
computed assuming the interface roughness height ∆ =0.6nm and the correlation length
Λ
= 8.2 ± 0.8nm as discussed in chapter 4. The calculated dephasing time is very comparable

to the experimental value of τ d = 130 fs reported for 2nm thick In0.53Ga0.47As/AlAs0.56Sb0.44
QWs [186].

6.3. Intersubband absorption recovery times
In this section the switching speed capabilities of our CDQW structures excited at
either E1 − E4 or E2 − E3 transitions are analysed with respect to the intersubband absorption
recovery dynamics. The theoretical estimation of absorption recovery times was realized by
computing the time-dependent change in the difference of carrier densities between two
energy states corresponding to the ISBA. Experimental verification of the dynamic properties
of the studied structures was accomplished with the use of the heterodyne pump-probe
technique.

6.3.1. Intersubband relaxation mechanisms
A proper understanding of intersubband relaxation mechanisms between energy states
of a QW system is essential for the interpretation of carrier dynamics in our structures. The
electrons in an excited subband i can scatter to a lower subband j either radiatively by a
spontaneous emission of a photon or non-radiatively by various inelastic and elastic
processes, such as the ones induced by longitudinal optical (LO) phonon emission, electronelectron interactions, scattering by impurities, interface roughness and longitudinal acoustic
(LA) phonons. When the separation energy between two subbands is equal to or higher than
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the energy of an LO phonon Eij ≥ ωLO , the emission of LO phonons is by large the dominant
intersubband scattering mechanism [154, 187]. This process is named Fröhlich interaction and
the corresponding scattering rate is given as follows [154]:

W=
LO

m∗ q 2ωLO
1
− q z − z′
=
dz ∫ dz ′ϕi ( z )ϕ j ( z )e ij ϕi ( z ′)ϕ j ( z ′)
2
∫
τ LO 2 ε p qij

(6.3.1)

where qij is the in-plane momentum defined as follows:

qij =

2m∗ ( Eij − ωLO )
2

.

(6.3.2)

As can be seen from relation 6.3.1 the LO phonon scattering time τ LO is directly proportional
to the in-plane momentum qij , from which follows that the non-radiative depopulation of the
excited state j becomes faster when the transition energy Eij approaches the LO phonon
energy ωLO . In our InGaAs QWs with ωLO = 34meV the LO phonon scattering times vary
from ~ 200 fs to ~ 4 ps at Eij ≈ 50meV and Eij ≈ 800meV , respectively.
A spontaneous emission is possible for a transition between two states i and j when
the optical matrix element zij is non-zero and it will occur with a rate given by the following
relation [167]:

W=
sp

where fij =

1
=

τ sp

2m0 ( E j − Ei ) zij
2

q2
nr zij
3π c3ε 0  4

2

q2
E=
n f E2
3
2 r ij ij
6π m0 c ε 0 
3
ij

(6.3.3)

2

is the oscillator strength between the two states i and j . The

spontaneous emission time is inversely proportional to the oscillation strength fij and to the
square of the transition energy Eij . In our InGaAs QWs with fij ≈ 1/ m∗ ≈ 23 the spontaneous
emission time varies from ~ 1ns to ~ 0.5µ s at Eij ≈ 800meV and Eij ≈ 50meV , respectively.
The contribution of elastic processes, such as scattering at interface roughness,
impurities, etc., to the intersubband scattering rates is considered to be negligibly small
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compared to the LO phonon induced transitions and it is not taken into account in our
computations of carrier relaxation times. However, these processes are essential for the
interpretation of the linewidth broadening, as discussed in chapter 4.

6.3.2. Modeling of carrier dynamics
In order to simulate the time evolution of optical nonlinearities in our quantum well
structures, a model employing density matrix theory and modified optical Bloch equations
was developed by Ping Ma [180]. Dynamics of intersubband transitions is described in terms
of density operators ρ with the carrier distribution probability governed by the Optical Bloch
equations (Liouville equations) of the following form:
d
i
ρ = − [ H int , ρ ] + Γ

dt

(6.3.4)

where [,] is the quantum-mechanical commutator and Γ  τ d−1 represents the dephasing time

τ d . The light-matter interaction Hamiltonian H ij = zij E ( t ) relates the optical field of the
pump pulse E (t ) and the dipole matrix element zij of the transition between subbands i and
j.
In the time-dependent 4x4 density matrix corresponding to our four-level system, the
diagonal terms represent the carrier population probabilities of the four states, while the offdiagonal terms describe the interaction coherences (phase). Due to the Hermitian property of
the density matrix, i.e. ρij = ρ ji , there are ten independent terms in the 4x4 matrix. By
applying the rotating-wave approximation, which assumes that all but resonant terms are
negligible, the first-order coupled differential equations that describe the dynamic behavior of
the four-level QW system optically excited by a pump beam with a resonant frequency of

ω14 ~ E14 are given as follows:

ρ 22 − ρ 22eqlb ρ33 − ρ33eqlb ρ 44 − ρ 44eqlb
d
+
+
ρ11 =−2Ω Im ( ρ14 ) +
dt
τ 21
τ 31
τ 41

(6.3.5)
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ρ − ρ 22eqlb ρ33 − ρ33eqlb ρ 44 − ρ 44eqlb
d
− 22
+
+
ρ 22 =
dt
τ 21
τ 32
τ 42

(6.3.6)

ρ − ρ33eqlb ρ33 − ρ33eqlb ρ 44 − ρ 44eqlb
d
ρ33 =
− 33
−
+
dt
τ 31
τ 32
τ 43

(6.3.7)

ρ − ρ 44eqlb ρ 44 − ρ 44eqlb ρ 44 − ρ 44eqlb
d
2Ω Im ( ρ14 ) − 44
+
+
ρ 44 =
dt
τ 41
τ 42
τ 43

(6.3.8)

d
ρ14 = −2iΩ ( ρ11 − ρ 44 ) + i∆14 ρ14 − Γ14 ρ14
dt

(6.3.9)

where Ω = z14 E /  is the Rabi frequency, ∆14 = ω14 − ω represents the detuning from the
resonant frequency ω14 and ρiieqlb is the equilibrium carrier density of each state unperturbed
by the pump beam. The equilibrium carrier density ρiieqlb is determined for each subband
through the relation to the Fermi level E f as follows:

E f − Ei

m∗ kbT 
kbT


=
+
ρ
ln
1
e
π 2 L 


eqlb
ii

(6.3.10)

where m∗ is the electron effective mass, kb is the Boltzmann constant, T is the temperature
and L is the QW thickness.
After separating the real and imaginary parts of the six off-diagonal terms, there are in
total sixteen coupled differential equations to be solved in order to describe the dynamic
behavior of the four-level QW system. In the model developed by Ping Ma, this set of
equations is solved numerically by using the fourth-order Runge-Kutta method. The
absorption recovery times are estimated by computing the time-dependent change in the
difference of carrier densities ρii − ρ jj between two energy states i and j corresponding to
the ISBA. A detailed discussion on the advantages and limitations of the model are provided
in the doctoral thesis of Ping Ma [180].
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Figure 6.3.1. The simulated temporal evolution of a) carrier densities at each energy state
and b) carrier density difference between energy states E1 and E4 for the system excited
with a Gaussian pump pulse at a resonant frequency ω14 . Simulations courtesy Ping Ma.
The simulated temporal evolution of carrier densities at each energy state for the
system excited with a τ pulse = 150 fs Gaussian pump pulse at a frequency ω14 ( λ = 1430nm )
resonant to the E1 − E4 transition is shown in Fig.6.3.1a. The intensity of the pump pulse was
set to 620MW/cm2, which corresponds to the ISBA saturation intensity of the E1 − E4
transition. The carrier relaxation times for different ISBTs τ 21 = 300 fs , τ 31 = 3.57 ps ,

τ 41 = 4.44 ps , τ 32 = 4.53 ps τ 42 = 4.14 ps and τ 43 = 396 fs were computed using the selfconsistent Schrödinger-Poisson solver [146, 147]. The absorption recovery time τ = 400 fs is
estimated from the time-dependent carrier density difference between energy states E1 and
E4 shown in Fig.6.3.1b. A schematic representation of the carrier dynamics in the four-level
system excited with a pump beam at a frequency ω14 resonant to the E1 − E4 transition is
illustrated in Fig.6.3.2.
When the structure is excited by a pump beam at a frequency ω23 ( λ = 1730nm )
resonant to the E2 − E3 transition the CDQWs behave as a two-level system. The absorption
recovery time τ = 2 ps in this case is defined by the carrier lifetime at the excited state E3 .
The simulated time-dependent carrier density difference between energy states E2 and E3 is
shown in Fig.6.3.3.
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Figure 6.3.2. Schematic representation of the temporal evolution of the subband populations
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Figure 6.3.3. The simulated temporal evolution of the carrier density difference between
energy states E2 and E3 for the system excited with a Gaussian pump pulse at a resonant
frequency ω23 . The simulation courtesy Ping Ma.
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6.3.3. Experimental setup

Figure 6.3.4. Experimental heterodyne pump-probe setup for the time-resolved
measurements of the carrier dynamics in the CDQWs embedded into ridge
waveguides.
With the development of lasers which can generate pulses as short as τ pulse < 1 ps , the
pumping and subsequent probing of semiconductors on an ultra-short time scale became
routine for direct measurements of carrier dynamics [188-191]. In a standard singlewavelength pump-probe experiment the pump and probe beams are cross-polarised, which
allows to select the probe output pulse with a simple polarizer. Separation of pump and probe
pulses becomes difficult when both pulses have to be co-polarized, which is the case for our
experiments due to the polarisation-dependence of the ISBTs. To overcome this difficulty we
applied a heterodyne pump-probe technique, where pulses from an optical parametric
oscillator are divided into three optical passes corresponding to the pump, probe and reference
beams as shown in Fig.6.3.4. Such a technique allows femtosecond time-domain studies of
optical nonlinearities in waveguides with co-polarized beams [192-194]. In the heterodyne
technique, the influence of the pump pulse on the transmission of the probe pulse is observed
by measuring the beat frequency of the probe and reference beams as the delay between pump
and probe pulses is varied.
As shown in Fig.6.3.4 the optical parametric oscillator (OPO) delivers a pulse stream:

EOPO
=
(t )

∞

∑ E (t − nT )
−∞

r

(6.3.11)
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where E (t ) is the envelope function of a pulse with an optical frequency f 0 centered at t = 0
and a repetition rate of Tr . To distinguish the probe from the pump pulses, the sequence of
OPO pulses passes through an acousto-optic modulator (AOM) with a modulation frequency
f1 . The first order deflection of an AOM, which corresponds to the probe beam with the
optical frequency shifted by f1 is given as follows:

=
E AOM
(t )

∞

∑ E (t − nT )e
−∞

r

− if1t

.

(6.3.12)

Since the pulse repetition rate Tr of the OPO is much larger than the relaxation time of the
nonlinear optical processes in the studied structures, the memory effects can be neglected,
considering pump and probe pulses as isolated pulses. The pump and probe beams are
combined and sent to the sample. The field at the waveguide input can be expressed by the
following relation:
) E pu (t + τ ) + E pr (t )e − if1t
E (t=

(6.3.13)

where E pu (t ) and E pr (t ) are the envelope functions of the pump and probe pulses,
2

2

respectively, with E pu (t )  E pr (t ) and τ is the delay time between the two pulses.
To detect the change of the probe pulse due to the pump, a reference beam with the
frequency shifted by f 2 is generated by the second AOM driven at a modulation frequency
f 2 . The reference beam is combined with the pump and probe beams after the sample and
three beams are sent to the detector, which is connected to an electronic spectrum analyzer.
The microwave power spectrum of the detected signal of the intermixed pump, probe and
reference pulses can be deduced from the photodiode response, which is proportional to the
following [193]:
PPD ( t ,τ ) =
∑  P0 + Ppu , pr (τ ) eif1t + Ppu ,ref (τ ) eif2t
n

−i f − f t
i f +f t
+ Ppr ,ref (τ ) e ( 1 2 ) + Pfwm (τ ) e ( 1 2 )  δ ( t − nTr ) + c.c.

(6.3.14)

Chapter 6: Carrier dynamics in CDQW structures

128

where Ppu , pr , Ppu ,ref and Ppr ,ref are contributions to the detector response from the beatings
between the pump and probe, pump and reference, and probe and reference pulses,
respectively. The component P0 is the base-band contribution to the response of the detector
from the sequence of the pump, probe and reference pulses at a repetition rate Tr . The pulses
are approximated by Dirac delta functions, since the temporal resolution of the photodiode
( Tres = 10ns ) is much longer than the pulse width ( τ pulse = 150 fs ). The measured microwave
power spectrum with the nominal average powers of the pump, probe and reference beams of
10mW, 1mW and 1mW, respectively, is presented in Fig.6.3.5a. Frequencies of the probe and
reference beams are shifted by f1 = 40 MHz and f 2 = −50 MHz , respectively. The repetition
rate of the pulses is Tr = 80 MHz . The simulated spectrum shown in Fig.6.3.5b was deduced
from equation 6.3.14.
The influence of the pump pulse on the probe pulse in pump-probe experiments with
active structures is represented with the fourth term Ppr ,ref (τ ) e − i( f1 − f2 )t in equation 6.3.14. The
beat signal of the probe and reference pulses is composed as follows:

Ppr ,ref=
(τ ) Pb, pr ,ref + ∆Ppr ,ref (τ )

(6.3.15)

where Pb , pr ,ref is the pump-independent probe-reference coupling term and ∆Ppr ,ref (τ )
describes the pump influence on the probe pulse. The complex intermodulation term

∆Ppr ,ref (τ ) is given by the following expression:

∆Ppr ,ref=
(τ )

∞

∫

−∞

∞

2

Aref ( t ) ∗ ∫ h ( t − t ′ ) ∗ Apu ,tr ( t ′ + τ ) Apr ,tr ( t ) dtdt ′

(6.3.16)

−∞

where Apu ,tr and Apr ,tr define the amplitudes of the pump and probe pulses transmitted
through a nonlinear structure. The component Aref is the amplitude of the reference pulse and

h ( t − t ′ ) represents the nonlinear response of the probe pulse, which is observed in the pumpprobe measurements. Derivations of the complex expressions for the different intermixing
products can be found in reference [193].
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Figure 6.3.5. Measured (a) and simulated (b) microwave power spectra of the
detected signal of the intermixed pump, probe and reference pulses.
For our experiments, the optical frequencies of the probe and reference beams were
shifted with acousto-optic modulators (AOM) by +40MHz and −50MHz respectively. Two
identical fused silica AOMs (IntraAction ASM-403CCW1) were driven at an RF power of
~15W, which allowed the coupling of ~13% at λ = 1430nm and ~10% at λ = 1730nm of
optical power from the main OPO beam into the frequency-shifted probe and reference
beams. The pump and probe beams were coupled into the waveguides with an infra-red
microscope objective (Mag. x40, NA 0.65). The output signals were collected with an
identical objective after the sample and combined with the reference beam. The signals were
detected by an InGaAs PIN photodiode (Hamamatsu G8422-03) with a spectral response
range of =
λ 900 − 2100nm and beat frequencies were measured with a spectrum analyzer
(Anritsu MS2668C). A motorized translation stage M410.PD (minimum step size of 0.6µm)
and a linear actuator M224.20 (minimum step size of 0.05µm) both from Physik Instrumente
(PI) were used to delay pump and reference pulses, respectively.
Since in heterodyne pump-probe experiments, in addition to the weak probe and
reference pulses, also the relatively strong pump pulse is coupled into the detector, the
linearity of the system has to be checked. The photodiode, biased at -1V, exhibits a linear
behaviour for the received average powers up to ~7mW and it saturates at higher power levels
as shown in Fig.6.3.6. The signal from the InGaAs PIN photodiode was monitored with the
spectrum analyzer at a frequency of 80MHz, which corresponds to the repetition rate of the
OPO. The measurement was carried out in the setup without the sample. In our pump-probe
experiments with the active waveguides, signals received by the diode are in the range of 0.12mW, which is below the saturation level.
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Figure 6.3.6. Verification of the linear behaviour of the InGaAs photodiode
illuminated with OPO pulses at the wavelength of λ = 1430nm and

λ = 1730nm .

6.3.4. Measurements of ISBA recovery times
To test the switching capabilities of our CDQWs, heterodyne pump-probe experiments
were performed on 1mm long and 3µ m wide single-mode waveguides. Two singlewavelength experiments were performed to study absorption recovery times of different
ISBTs. In the first experiment the signal beam from the OPO at λ = 1430nm was used to
measure the E1 − E4 transition, while the second experiment was performed using the OPO
idler beam at λ = 1730nm for the E2 − E3 transition. The experimental results presented in
Fig.6.3.7 show a good agreement with the expected ISBA recovery times of τ = 400 fs and

τ = 2 ps estimated in Section 6.3.2 for the E1 − E4 and E2 − E3 transitions, respectively. The
temporal resolution of the measurement at λ = 1430nm is limited by the duration of the OPO
pulses of τ pulse = 150 fs . Laser pulses with τ pulse < 100 fs are required for a more accurate
direct measurement of the ultra-fast absorption recovery time related to the E1 − E4 transition.
The results of our time-resolved experiments demonstrate the capability of the studied
CDQW structures to perform Tbit/s all-optical switching with the E1 − E4 transition and
~500Gbit/s switching employing ISBTs between the E2 and E3 levels. However, a
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combination of negative effects, such as the relatively high saturation intensity, non-resonant
ISBA, polarization dependent waveguide losses and two-photon absorption, limit the
switching extinction ratio with the studied devices. Extinction ratio of <2 were obtained at the
relatively high pump pulse average powers of ~10mW (pulse energies of ~100pJ).
Nevertheless, these structures served their purpose allowing us to study the material dynamic
properties of the InGaAs/AlAsSb CDQWs and to identify the challenges which have to be
overcome in realisation of a practical all-optical switch with this material system. In order to
realise a practical inline device based on ISBTs in InGaAs/AlAsSb QWs, capable to perform
Tbit/s switching with >10dB extinction ratios at control pulse energies of <1pJ, the ISBA
saturation intensity has to be reduce to I sat < 100 MW / cm 2 and the waveguide TM loss has to
be minimized to αWG < 10cm −1 . The ways to accomplish these requirements are discussed in
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section 6.2.5.

Figure 6.3.7. Intersubband absorption recovery times simulated and measured for a) E1 − E4
and b) E2 − E3 transitions at a wavelength of λ = 1430nm and λ = 1730nm , respectively.
The experiments were performed at different pump beam average powers, with the probe and
reference beam powers set to 0.1mW and 1mW, respectively. Simulations courtesy Ping Ma.

6.3.5. Pulse waveform
In order to analyze the potential pulse distortion due to transmission through the
nonlinear medium in the studied active waveguides, waveforms of the pump and probe pulses
were verified at the wavelengths of λ = 1430nm and λ = 1730nm with the intensity
autocorrelation experiments.
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The intensity autocorrelation of the pump-probe, pump-reference and probe-reference
pulses were measured by sampling the following:
• A probe pulse with a pump pulse (PrPu) at their beat frequency of 40MHz,
• A pump pulse with a reference pulse (PuRef) at their beat frequency of 50MHz,
• A probe pulse with a reference pulse (PrRef) at their beat frequency of 90MHz.
The measured data were normalized to one and fitted with the intensity autocorrelation
function defined as follows:
+∞

I AC (τ ) =

∫ P ( t ) P ( t − τ ) dt

−∞

+∞

∫ P (t )

2

(6.3.17)

dt

−∞

where τ is the delay time between the two correlated pulses and P ( t ) = P0 e

 t 
−4ln 2

 τ pulse 
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Figure 6.3.8. Measured and fitted intensity autocorrelations of pulses transmitted
through the pump-probe setup a) with no sample and b) with a 1mm long 3µ m wide
single-mode active waveguide.
No measurable pulse distortion was observed for pulses with a nominal width of

τ pulse = 150 fs transmitted through the setup: a) with no sample and b) with a 1mm long 3µ m
wide waveguide containing the studied CDQWs. The measurement accuracy in these
experiments is limited to ~5fs mainly by the minimum step size of the translation stages. The
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experimental results for pulses at a wavelength of λ = 1730nm , which undergo a stronger
intersubband absorption than the ones at λ = 1430nm , are demonstrated in Fig.6.3.8.

6.4. Conclusions
With our time-resolved experiments using a heterodyne pump-probe technique we
demonstrated the capability of the structures under study to perform Tbit/s all-optical
switching at a wavelength of λ = 1430nm by operating the devices at the E1 − E4 transition
with the ISBA recovery time of τ = 400 fs . However, the high absorption saturation intensity
of I sat = 600 MW / cm 2 makes this operation mode impractical compared to the one based on
the E2 − E3 transition. The performance of the CDQWs at a wavelength of λ = 1730nm , with
the longer absorption recovery time of τ = 2 ps , is not as outstanding as the one at

λ = 1430nm in terms of speed. Nevertheless, the low absorption saturation intensity of
I sat = 31MW / cm 2 with the E2 − E3 transition makes this operation mode more attractive for

practical switching applications at ~500Gbit/s. These CDQWs can also be operated in a dualwavelength mode. In this mode, a control pulse at λ = 1430nm excites the E1 − E4 transition
enabling relaxation of the carriers from E2 to E1 , which makes the system transparent for a
signal pulse at λ = 1730nm . However, this operation mode can benefit neither from the ultrafast recovery time of the E1 − E4 transition nor from the low absorption saturation energy of
the E2 − E3 transition. On the positive side, it gives an advantage of straightforward
separation of control pulses from signal pulses by relaxed spectral filtering at the output of the
device. Experimental verification of the dual-wavelength operation mode was impeded
mainly by the unavailable laser source that would have to provide ultra-short pulses
simultaneously at both wavelengths resonant to the sb1-sb4 and sb2-sb3 transitions.
Experiments with the CDQWs embedded into ridge waveguide structures allowed us,
on one hand, to verify the dynamic properties of the studied material and, on the other hand,
to identify the challenges which have to be overcome in realization of a low-energy ultra-fast
inline all-optical switch. Two negative effects were observed with absorption saturation
experiments. Two-photon absorption, which reduces the intersubband absorption saturation
effect, and high polarization-dependent loss in the waveguides caused by the charged edge
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dislocations of strained layers. Both effects, in combination with the non-resonant ISBA,
strongly limit the achievable switching extinction ratio of the studied active waveguide
structures. Extinction ratios of <2 were obtained at the relatively high pump pulse energies of
~100pJ. In order to realize a practical inline device based on ISBTs in InGaAs/AlAsSb QWs,
capable to perform Tbit/s switching with >10dB extinction ratios at control pulse energies of
<1pJ, the ISBA saturation intensity has to be reduced to I sat < 100 MW / cm 2 and the
waveguide TM loss has to be minimized to αWG < 10cm −1 . The saturation intensity can be
decreased by designing the CDQWs with thicker wells, which would allow one to minimize
broadening of the ISBTs. The lowest polarization dependent losses are expected in nonstrained structures due to the significantly lower densities of edge dislocations in the latticematched layers. With respect to our modeling results, a CDQW structure consisting of 2.56nm
thick In0.53Ga0.47As wells coupled by an 1.19nm thick AlAs barrier was found to be an
optimal design in terms of switching speed and energy. This design allows operation at a
wavelength of λ = 1550nm using the E1 − E4 transition with the absorption recovery time of

τ = 600 fs and the ISBA saturation intensity of I sat = 10MW / cm 2 . Processing of such
structures into more advanced waveguides, as e.g. photonic wires, would allow one to
accomplish a practical all-optical switch with a performance not limited by the TPA in InP.
The only evident drawback of such CDQW design is that the E2 − E3 transition is moved to
the wavelength range of λ = 2200nm , which is rather impractical for fibre-communication
applications, and thus such devices can be operated only in the single-wavelength mode at
the E1 − E4 ISBTs.
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Chapter 7
Conclusions and perspectives

Comprehensive analysis of intersubband transitions in InGaAs/AlAsSb quantum
wells based on theoretical and experimental investigations allowed us to design
and accurately predict the linear and nonlinear characteristics of the studied
structures. The successful accomplishment of the experimental results is tightly
coupled to the epitaxy and fabrication technology. In our cleanroom facility we
developed the MBE-growth for the relatively new Sb-based material system of
InGaAs/AlAsSb QWs and through optimizations of the growth parameters we
achieved a state-of-the-art crystalline quality of our multi-layer structures
composed of binary, ternary and quaternary alloys. The deeply-etched ridge
waveguides designed and fabricated in the course of this thesis enabled the
realization of inline devices for all-optical switching. Finally, we demonstrated
the capability of the studied InGaAs/AlAsSb quantum well structures to perform
ultra-fast inline all-optical switching in the telecommunication wavelength range
around 1550nm. In addition to conclusions on achievements of this thesis, this
chapter also provides an outlook and perspectives on ultra-fast low-energy inline
all-optical switching based on intersubband transitions in InGaAs/AlAsSb
quantum wells for practical applications.
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7.1. Summary and conclusions
To design our quantum wells (QWs) and to engineer the intersubband transitions
(ISBTs) in the studied structures we computed the initial band parameters, such as bandoffsets, effective masses and non-parabolicity coefficients for InGaAs and AlAsSb of various
compositions. With the systematic studies based on experiments using polarization-resolved
spectroscopy and modeling with the self-consistent Schrödinger-Poisson solver we
determined these parameters for the best fit of the experimental data to the theoretical results,
which enabled an accurate design and estimation of the linear and non-linear characteristics of
the studied structures.
We optimized the MBE-growth conditions for the epitaxy of multi-layer structures
consisting of quaternary, ternary and binary materials, which allowed us to produce in one run
multiple-periods of InGaAs/AlAs/AlAsSb QWs embedded into the InGaAsP/InP slab
waveguides with the state-of-the-art crystalline quality of the grown layers. Our investigations
of the interfaces between InGaAs and AlAsSb layers in the QW structures revealed
intermixing of Sb and In atoms due to their strong interdiffusion properties. These intermixing
effects result in a deviation of the QW potential from an ideal square-like shape and they
generate roughness at the heterointerfaces. As a consequence, an undesired shift of the ISBTs
to lower energies occurs, and a strong broadening of the intersubband absorption (ISBA)
peaks due to the interface roughness leads to high operation powers of the devices. We
succeeded in reducing the interdiffusion length from >2nm to <0.5nm by inserting AlAs
spacer layers and by applying growth interruptions at the interfaces. Further improvement of
the interface quality for this material system is rather challenging with the currently available
growth techniques.
In order to accomplish an inline device we designed and fabricated single mode
deeply-etched ridge waveguides with the low refractive index QW stack acting as an active
waveguide core region. The relatively thick AlAsSb and AlAs layers with refractive indexes
as low as n = 3 and n = 2.9 , respectively, lead to a weighted refractive index of only n = 3.18
for the stack of InGaAs/AlAsSb coupled double quantum wells (CDQWs). Since our
structures are grown on InP substrates ( n = 3.17 ) it is difficult to find a material compatible
with the MBE-growth and at the same time having a low enough refractive index to serve as
claddings for the waveguide. We introduced high refractive index ( n = 3.36 ) InGaAsP
guiding layers on both sides of the CDQW stack, which allowed us to confine >50% of the
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optical mode intensity to the active core region. Optical mode analysis carried out using the
Finite Difference Frequency Domain 2D mode solver, revealed single mode operation in our
deeply-etched ridge waveguides with the width of 1.5 − 5µ m . Experimental verification of
waveguiding properties of the studied CDQW structures with the non-conventional vertical
waveguide design was successfully realized

by employing the end-fire measurement

technique and the fringe-contrast method.
Finally, with our pump-probe experiments we demonstrated the capability of the
studied InGaAs/AlAsSb CDQW structures to perform Tbit/s all-optical switching at a
wavelength of λ = 1430nm by operating the devices at the E1 − E4 transition with the
intersubband absorption (ISBA) recovery time of τ = 400 fs . However, the high absorption
saturation intensity of I sat = 600 MW / cm 2 makes this operation mode impractical compared
to the one based on the E2 − E3 transition. The performance of the CDQWs at a wavelength
of λ = 1730nm , with the longer absorption recovery time of τ = 2 ps , is not as outstanding as
the one at λ = 1430nm in terms of speed. Nevertheless, the low absorption saturation
intensity of I sat = 31MW / cm 2 with the E2 − E3 transition makes this operation mode more
attractive for practical switching applications at ~500Gbit/s. These CDQWs can also be
operated in a dual-wavelength mode. In this mode, a control pulse at λ = 1430nm excites the
E1 − E4 transition enabling relaxation of the carriers from E2 to E1 , which makes the system
transparent for a signal pulse at λ = 1730nm . This operation mode can benefit neither from
the ultra-fast recovery time of the E1 − E4 transition nor from the low absorption saturation
energy of the E2 − E3 transition. However, it gives an advantage of straightforward separation
of control pulses from signal pulses by relaxed spectral filtering at the output of the device.
Experiments with the CDQWs embedded into ridge waveguide structures allowed us,
on one hand, to verify the dynamic properties of the studied material and, on the other hand,
to identify the challenges which have to be overcome in realization of a low-energy ultra-fast
inline all-optical switch. Two negative effects were observed with absorption saturation
experiments. Two-photon absorption (TPA), which reduces the intersubband absorption
saturation effect, and high polarization-dependent loss (PDL) in the waveguides caused by the
charged edge dislocations of strained layers. Both effects, in combination with the nonresonant ISBA, strongly limit the switching extinction ratio of the studied active waveguide
structures. Extinction ratios of <2 were obtained at relatively high pump pulse energies of
~100pJ. Perspectives on improvements of the extinction ratio and energy efficiency for
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practical applications of all-optical switches based on ISBTs in the studied material system
are discussed in the next section of this chapter.

7.2. Outlook and perspectives
In order to realise a practical inline device based on intersubband transitions in
InGaAs/AlAsSb quantum wells, capable to perform Tbit/s switching with >10dB extinction
ratios at control pulse energies of <1pJ, the ISBA saturation intensity has to be reduced to
I sat < 100 MW / cm 2 and the waveguide TM loss has to be minimised to αWG < 10cm −1 . The

saturation intensity is directly proportional to the broadening of the ISBA linewidth, which
strongly depends on the quality of the QW interfaces and on the thickness of the wells. When
the quality of the interfaces is optimised and no further improvement is feasible, the saturation
intensity can be decreased by designing the CDQWs with thicker wells, which would allow
one to minimise the broadening of the ISBTs. The polarization dependent loss strongly
depends on the edge dislocation density and n-doping concentration in the grown structures.
The charged acceptor centres introduced by the edge defects along the dislocation lines act as
a wire-grid polarizer, which leads to high optical losses for TM-polarized light. The lowest
PDL is expected in non-strained structures due to the significantly lower densities of edge
dislocations in the lattice-matched layers.
With respect to our modeling results, presented in chapter 6.2.5, a CDQW structure
consisting of 2.56nm thick In0.53Ga0.47As wells coupled by an 1.19nm thick AlAs barrier was
found to be an optimal design in terms of switching speed and energy. This design allows
operation at a wavelength of λ = 1550nm using the E1 − E4 transition with the absorption
recovery time of τ = 600 fs and the ISBA saturation intensity of I sat = 10 MW / cm 2 .
Processing of such structures into more advanced waveguides, as e.g. photonic wires, would
allow one to accomplish a practical all-optical switch with a performance not limited by the
TPA in InP. The only evident drawback of such CDQW design is that the E2 − E3 transition
is moved to the wavelength range of λ = 2200nm , which is rather impractical for fibrecommunication applications, and thus such devices can be operated only in the singlewavelength mode at the E1 − E4 ISBTs.
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Appendix

A. Band parameters in strained In1-xGaxAs layers
The nominal band parameters of the ternary alloys are interpolated from the binary
materials for the unstrained layers, as discussed in chapter 2. Since our QW structures are
grown on InP-substrates, the lattice-mismatch between In0.78Ga0.22As wells and the InPsubstrate causes strains in the epitaxial layers. As a consequence, the strain has a strong effect
on the material parameters, such as band gap and spin-orbit splitting, which leads to a
deviation of the effective mass and the non-parabolicity coefficient from the nominal values
obtained for the unstrained layers [199, 200].

a)

b)

Figure A1. Schematic representation of the valence bands and the lowest conduction
band in a) unstrained and b) strained zinc-blend type material [199].
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In order to take into account this effect, the strain-induced change of the bandgap and
the spin-orbit splitting energies are computed as follows [199]:

 C11 − C12   C11 + 2C12  
∆Eg1 =−
 2a 
 + b
 ε
C
C

 

11
11



 C11 − C12   C11 + 2C12  
∆Eg 2 =
 −2a 
 −b
 ε
C
C

 

11
11


(A.1)

 C − C12 
∆ ( Eg + ∆ so ) = −2a  11
ε
 C11 
where a and b are the hydrostatic and the sheer deformation potentials, respectively. Cij is
the stiffness tensor and ε denotes the strain. The values for ternary In1-xGaxAs alloys are
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Figure A2. Electron effective mass m∗ and non-parabolicity coefficient γ well of
unstrained and strained In1-xGaxAs material as a function of concentration x .
The strain-induced change of the bandgap and the spin-orbit splitting energies is
schematically illustrated in Fig.A1b. Using the values of bandgap and spin-orbit splitting
energies computed with taking into account the strain, the effective mass m∗ and the non-
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parabolicity coefficient γ well are calculated following the same procedure as discussed in
chapter 2. The values computed for the unstrained and strained In1-xGaxAs material as a
function of concentration x are represented in Fig.A2.

B. Strain-balance methods
Different methods for attaining the strain-balance condition in our structures are
discussed in this section. A detailed discussion on these methods is provided in the work
of Ekins-Daukes et al [131].
With the thickness weighted method the products of the thickness d and the
strain ε for the tensile and compressively strained layers are balanced:

d I 1ε1 + d 2ε 2 =
0

(B.1)

a0 − ax
.
ax

(B.2)

with the strain ε defined as:

εx =

where a0 is the lattice constant of the substrate and ax are lattice constants of the
strained layers. Equation B.1 can be extended to take into account the difference of the
elastic constants of each layer by introducing an elastic parameter A :

d1ε1 A1 + d 2ε 2 A2 =
0

(B.3)

where A is determined for each layer by the elastic stiffness coefficients C :

A = C11 + C12 −

2C122
.
C11

(B.4)
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In the zero-stress method, the strain energy density U of each layer is considered
and an expression for the in-plane stress is derived from the classical elasticity theory.
With this method the strain-balance condition is obtained when the average in-plane
stress X due to biaxial strain in the two layer combination equals zero, which yields:

d1ε1 A1a2 + d 2ε 2 A2 a1 =
0.

(B.5)

Fig.B.1 shows the discrepancy between different methods used to determine the
thickness of AlAs layer for attaining the strain-balance condition with tensile strained
InxGa1-xAs layers.
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Figure B.1. The thickness of AlAs layer for attaining the strain-balance condition with
tensile strained InxGa1-xAs layers: a) 3nm thick layers with various compositions, b) 030ML thick layers with 78% Indium.
From the results presented in Fig.B.1 one can see that for our In0.78Ga0.22As QWs, as
long as the total thickness of the wells is less than 15ML, the discrepancy between
different methods is smaller or comparable to the QW thickness control we can achieve
during the growth. As discussed in chapter 3, the QW thickness fluctuations of ~2ML
are caused by interdiffusion effects.
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C. Saturable absorption
In order to derive the saturable absorption expression α=
( I 0 ) α 0 (1 + I 0 I sat ) we
consider the simplest static case of a two-level absorbing system and we treat it
mathematically with carrier rate equations [195, 196]. We assume that the thickness ∆z of the
absorbing material is so small that I 0 ( z ) = const . The rate equations for carrier populations
N1 and N 2 at the ground state E1 and the excited state E2 , respectively, can be written as
follows [197]:
dN1
dN
N
=
− 2 =
− β ( N1 − N 2 ) + 2
τ 21
dt
dt

where τ 21 is the energy relaxation time and β = Ω02

τd
2

(C.1)

with the dephasing time τ d describes

the carrier population distribution due to the external pump with the Rabi-frequency
Ω0 =qz12 E0 /  . The Rabi-frequency is defined as Ω0 =qz12 E0 /  , where q is the electric
charge, z12 is the dipole matrix element of the transition and E0 is the peak electric field of
1
2
the pump beam. The electric field is related to the intensity as I 0 = ε cnr E0 , where ε is
2

the dielectric constant, c is the speed of light in vacuum and nr is the refractive index. We
can rewrite equation C.1 as follows:
dN1
dN
N
=
− 2 =
− A12 ( N1 − N 2 ) I 0 + 2
dt
dt
τ 21

=
− A12 ∆NI 0 +

with A12 =
=
N2

N − ∆N
2τ 21

(C.2)

q 2 z122 τ d
and the total number of carriers N = N1 + N 2 = N1 − N 2 + 2 N 2 , from which
 2ε cnr

dN
dN
1
1
N − ( N1 − N=
− 2 =
0,
( N − ∆N ) . Assuming a stationary distribution 1 =
(
2 ))
2
2
dt
dt

the solution of equation C.2 for ∆N is found as follows:
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N
∆N =
1 + 2τ 21 A12 I 0

=

with
=
I sat

N
I
1+ 0
I sat

(C.3)

 2ε cnr
1
. The intensity dependent absorption α ( I 0 ) of the two-level
=
2τ 21 A12 2q 2 z122 τ dτ 21

system is proportional to the carrier population difference ∆N and it is given by the following
expression [167]:
z122 q 2 E12τ d
=
∆N .
α ( I0 )
 2 c0ε 0 n

(C.4)

At low excitation intensities I 0 the carrier population at level E2 can be considered to be
N 2 = 0 and the carrier population difference ∆N =
N . In this case the unsaturated (linear)
absorption coefficient α 0 is obtained:

=
α ( I0 )

z122 q 2 E12τ d
=
N α0 .
 2 c0ε 0 n

(C.5)

Thus equation C.3 can be expressed in terms of absorption α as follows:

α (I0 ) =

α0

I
1+ 0
I sat

.

(C.6)
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