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Abstract

Photon detectors based on single-crystalline materials are of great interest
for high performance imaging applications due to their low noise and fast
response. The major detector materials for sensing in the long-wavelength
infrared (LWIR) band (8-14 um) are currently HgCdTe (MCT) and
AlGaAs/GaAs quantum wells (QW) used in intraband-based quantum-well
infrared photodetectors (QWIPs). These either suffer from compositional
variations that are detrimental to the system performance as in the case of
MCT, or, have an efficient dark current generation mechanism that limits the
operating temperature as for QWIPs. The need for increased on-wafer
uniformity and elevated operating temperatures has resulted in the
development of various alternative approaches, such as type-II strained-layer
superlattice detectors (SLSs) and intraband quantum-dot infrared
photodetectors (QDIPs).

In this work, we mainly explore two self-assembled quantum-dot (QD)
materials for use as the absorber material in photon detectors for the LWIR,
with the aim to develop low-dark current devices that can allow for high
operating temperatures and high manufacturability. The detection mechanism
is here based on type-II interband transitions from bound hole states in the
QDs to continuum states in the matrix material.

Metal-organic vapor-phase epitaxy (MOVPE) was used to fabricate
(Al)GaAs(Sb)/InAs and In(Ga)Sb/InAs QD structures for the development of an
LWIR active material. A successive analysis of (Al)GaAs(Sb) QDs using
absorption spectroscopy shows strong absorption in the range 6-12 pum
interpreted to originate in intra-valence band transitions. Moreover, record-
long photoluminescence (PL) wavelength up to 12 pm is demonstrated in InSb-
and InGaSb QDs.

Mesa-etched single-pixel photodiodes were fabricated in which
photoresponse is demonstrated up to 8 um at 230 K with 10 IngsGagsSb QD
layers as the active region. The photoresponse is observed to be strongly
temperature-dependent which is explained by hole trapping in the QDs. In the
current design, the photoresponse is thermally limited at typical LWIR sensor
operating temperatures (60-120 K), which is detrimental to the imaging
performance. This can potentially be resolved by selecting a matrix material
with a smaller barrier for thermionic emission of photo-excited holes. If such
an arrangement can be achieved, type-II interband InGaSb QD structures can
turn out to be interesting as a high-operating-temperature sensor material for
thermal imaging applications.
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1 Introduction

1.1 Infrared detection and imaging

Infrared radiation was first discovered by Sir Frederick William Herschel in
1800 when working on designing a telescope for solar observations [1]. His
aim was to find an optical filter that would transmit most light while rejecting
heat. In his work Herschel used a prism to disperse sunlight and a mercury-in-
glass thermometer to detect the radiation. The thermometer is an example of a
thermal detector. Detectors of this type absorb light that induces a
temperature change, which in turn causes a change in some physical property,
e.g. volume, as in the case of Herschel’s thermometer. Other examples of
thermal detectors include bolometers, which change resistance as a function of
temperature [2], pyroelectric detectors which change electrical polarization as
a function of temperature [3], and thermocouples, where a temperature
dependent electrical potential is created in a junction of dissimilar metals [4].
In contrast, photon detectors absorb radiation by interaction with electrons
which are excited to higher energy states. Since this process depends on the
electronic energy distribution of the material, photon detectors are
wavelength-selective and offer fast response with good noise characteristics

[5]-

The development of infrared detection has made available a wide range of
applications including high-speed data-communication [6], burglar alarms [3],
fire detection [7], infrared spectroscopy [8], medical diagnosis of melanoma
[9] and industrial process control [10, 11]. In addition, the advancement of
photolithography and integrated circuits, with the charge-coupled device
(CCD) as a major milestone, has made available infrared sensor arrays for,
what are perhaps the most commonly associated applications of infrared
detection, night vision and thermal imaging [12]. These have traditionally been
used for defense, security and surveillance but civil applications such as
automotive safety, fire-fighting and industrial process control, are becoming
more common as production costs are reduced [13, 14, 15, 16, 17,18, 19, 20].

In contrast to the technology used in night vision tubes, which relies on
reflected light from the atmosphere, so-called nightglow, or active infrared
illumination, thermal imaging can be used to image objects in complete
darkness due to their emission of infrared light [21]. This emission is
described by Planck’s blackbody law [22] presented for different object
temperatures in Fig.1. We note that the black-body peak emission at room-
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temperature, which is a typical imaged environment, corresponds to an
emission wavelength maximum at 10 pm. Since imaging is done at some
distance to the object, atmospheric attenuation originating mainly from
absorption in the greenhouse gases H,O and CO; needs to be taken into
consideration. There are two spectral windows of reasonably high
transmission: the mid-wavelength infrared (MWIR) which spans 3-5 um and
the long-wavelength infrared (LWIR) which spans 8-14 pm. Imaging in the
LWIR clearly offers a higher photon flux, whereas MWIR imaging provides a
better thermal contrast. The strengths and weaknesses of imaging in the
respective wave-bands for different conditions were neatly assessed by Miller,
who also included the short-wavelength (SWIR) band spanning 1-3 pm [23].
This comparison is presented in Tab.1.

10°4 6000 K
107 3000 K
10°; 2000 K
10°
10"+

10°
10
10’

10°
0.1

Spectral Radiant Emittance [arb. units]

Wavelength [um]

Figure 1. Spectral radiant emittance in arbitrary units presented for black-body
objects at different temperatures.

SWIR MWIR LWIR
View through Better than visible | Better than SWIR | Better than MWIR
smoke
High humidity Better than visible | Best: better than Moderate

SWIR and LWIR

Cold weather N/A Moderate Best
night vision
Read painted Good Poor Poor
symbols
Night vision in Poor - relies on Excellent Excellent
total darkness nightglow
View through fog | Better than visible | Better than SWIR | Better than MWIR

Table 1. Imaging characteristics in three IR spectral regions. Taken from ref. [23].




1.2 Detector technologies

Low-cost infrared imaging technology is at present completely dominated by
uncooled bolometers with vanadium oxide as the thermistor material (95 %
market share in 2010) [24]. Here, the performance is a trade-off between
sensitivity (noise-equivalent temperature difference (NETD)) and response
time. This is due to the fact that NETD is proportional to the square-root of the
thermal conductance whereas the response time is inversely proportional to
the thermal conductance. Thermal time constants in bolometers are typically
in the range of milliseconds [25]. This means that the response time at high
sensitivity is relatively slow compared to cooled photon detectors which
dominate the high performance imaging segment.

Since photon detectors are wavelength-sensitive several different
semiconductor materials are used in the IR imaging spectrum. SWIR imaging is
typically done using InGaAs/InP [26] whereas InSb bulk material provides
cost-effective and uniform arrays in the MWIR spectral range [27].
Constituting the most versatile IR bulk material, the ternary alloy HgCdTe
(MCT) bandgap can be tuned between 1.5 eV and 0 eV covering the whole
infrared regime [28]. It has been used for LWIR imaging since the 1970s and it
has been called “the Ultimate IR Semiconductor” [29]. While it is true that MCT
is very versatile due to the alloying of the semiconductor CdTe (1.5 eV
bandgap at room temperature) and the semimetal HgTe, which share a very
similar lattice constant, this also entails a strong sensitivity to growth
uniformity. Small variations in the composition across the wafer influence the
photoresponse and dark current in detector arrays which cannot be fully
compensated for. This can limit the performance and sensitivity in terms of
NETD. [24]

An alternative approach are the quantum-well infrared photodetectors
(QWIPs) based on inter sub-band transitions. In the LWIR such devices have
been widely successful owing much to the maturity of the III-V material
platform and high-quality substrates. It is the detector technology of choice in
applications that demand highly uniform sensor arrays with pixel operability
close to 100% [30]. The quantum efficiency and consequently the integration
time are moderate due to the intraband transition, which prohibits absorption
of normal incident photons, and the short lifetime of photoexcited carriers
[31]. Moreover, the thermionic emission of ground state electrons is efficient
leading to dark current generation which imposes strong demands on the
cryogenic cooling. An LWIR QWIP is typically operated at approximately 70 K
[32].
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The need for high quantum efficiency, high operating temperature and good
uniformity sensor arrays has spurred an interest to investigate alternative
quantum structures in the III-V material platform. Quantum-dot infrared
photodetectors (QDIPs) is one example that utilizes intraband transitions in
InAs QD/InGaAs/GaAs structures for infrared detection. Here the quasi-three-
dimensional confinement of the self-assembled QDs provides an optical matrix
element which is non-zero for normal incident photons. This enhances
absorption and relaxes the need for grating structures normally used in QWIPs
to enable absorption. It furthermore imposes conditions on the electron-
phonon interactions, often referred to as the phonon bottleneck effect, which
can help to increase the carrier lifetime and consequently the photoconductive
gain and the external quantum efficiency [33]. Carrier lifetimes up to 1 ns are
predicted which can be compared to the 1-10 ps inter sub-band relaxation
time typically measured for quantum wells (QWs) [34]. Nevertheless, recent
reports of QDIP detectors show results inferior to QWIPs [35].

During the past few years, detectors based on type-II strained-layer
superlattices, hereafter referred to as SLSs, have become the major subject of
development efforts in the IR photon detector scientific community. As first
proposed by Smith and Mailhiot, these structures contain thin layers of the
ternary alloys InAsSb and InGaSb stacked in a periodic structure several
micrometers thick [36]. The composition-dependent type-III band alignment
between the layers provides tunability of the mini-bands that are formed due
to the wave-function overlap between the thin layers. The mini-bands emulate
an artificial bulk material with a bandgap that can be tuned in practically the
whole IR range. Strained-layer superlattice detectors are predicted to
outperform MCT technology due to lower effective masses and longer Auger
lifetimes [37, 38, 39, 40]. Presently the epitaxial material quality with mid-gap
defect states limits the performance in SLS devices. Recent progress in the
epitaxial growth of SLSs shows that the dark current can be lower than in
corresponding MCT devices, albeit at a much lower quantum efficiency [41].
However, significant challenges still remain to improve the epitaxial quality in
the large amount of strained interfaces which are necessary for achieving the
predicted sensitivity with good uniformity.

1.3 About this work

The aim of this thesis is to investigate an alternative approach for infrared
photon detection in the LWIR spectrum mediated by type-II transitions in
epitaxially grown self-assembled quantum dots (QDs). Figure 2 exemplarily
sketches the band structure of an InGaSb QD in an InAs matrix in the growth
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direction. The horizontal black line reflects the confined hole state inside the
QD valence band. Due to the type-III band alignment electrons are not confined
inside the QD. As indicated by the black arrow the absorption occurs through
excitation of electrons from bound states in the QD valence band to continuum
states in the conduction band of the matrix material surrounding the QD.

QD
InGaSb

InAs | __.I InAs

CB e

VB smma-

Figure 2. Schematic of the band alignment in the InGaSb QD/InAs heterostructure
indicating the type-II optical excitation path through which the absorption
occurs.

The spatial separation of carriers entails long lifetimes, which is favorable for
extraction of photo-excited carriers and low dark current generation [42, 43].
In addition, the matrix material bandgap is larger than the transition energy
for the targeted detection wavelength which can act to suppress Shockley-
Read-Hall processes involving defect level- mediated dark current generation.
The QDs are, furthermore, highly strained which induces a valence band
splitting that can act to reduce Auger generation, similarly as predicted for the
case of SLSs. The discrete energy levels resulting from the three-dimensional
confinement in a QD have been claimed to inhibit Auger processes due to
energy conservation principles, although this is still under debate [44, 45, 46,
47]. The detection mechanism in this detector type does not rely on any
quantum mechanical coupling between the QD layers. Strain-distribution is
moreover arranged by the self-assembly process and it can potentially relax
the requirements on the epitaxy as compared to growth of SLSs.

In this work five QD material systems have been investigated in detail; tensile-
strained AlGaAs and GaAsSb QDs, compressively strained InGaSb QDs on InAs
substrates and compressively strained InAs and GaSb QDs on GaAs substrates.
The principal effort has been focused on the material development of the
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active layer in type-1I QD photodetectors, with studies of the growth conditions
in particular. The material has been grown with metal-organic vapor-phase
epitaxy (MOVPE) and has been investigated by a variety of characterization
techniques including photoluminescence (PL), absorption measurements,
atomic-force microscopy (AFM), transmission electron microscopy (TEM) and
scanning tunneling microscopy (STM). Tensile-strained QDs were grown at
high densities up to 1x1012 cm2 without any optical activity despite of
intraband absorption in the MWIR and LWIR spectra [Paper A]. Compressively
strained GaSb QDs were grown on GaAs and InGaP with dot densities up to
1x101t cm? [Paper E]. Effects of a reduction of Sb interdiffusion and/or
segregation were observed in GaSb QD/InGaP structures as compared to GaSb
QD/GaAs structures [Paper E]. Compressively strained QDs of InSb were
grown and optimized for long PL wavelength, reaching peak PL up to 6.5 pm at
77 K [Paper B]. Inclusion of Ga in the growth of the QDs was used as a mean to
extend the wavelength up to the LWIR regime. Reduced strain, due to a
smaller lattice mismatch to the substrate, is interpreted to result in the
formation of larger QDs with less confinement effects that provides a smaller
type-II transition energy corresponding to wavelengths up to 12 pm [Paper C].
Single-pixel type-II QD photodiodes were realized with photoresponse up to 8
um at 230 K [Paper B, Paper D]. The magnitude of the photocurrent was
observed to be strongly temperature-dependent and thermally activated,
which is attributed to hole trapping in the QDs. This limits the performance at
typical LWIR sensor operating temperatures (60-120 K). Consequently, it
necessitates a replacement of InAs with a matrix material that provides a
reduced hole barrier for efficient photocurrent collection and improved
performance. InAsg¢Sbo 4 is suggested as a suitable matrix material.

The here studied type-II QD interband photodetectors fall short in
performance compared to state-of-the-art detector technologies such as MCT
and QWIP. If the shortcomings of the carrier transport can be resolved, the
dark current properties, which differ from MCT and QWIP materials, may
enable performance advantages. A potential market segment might then
evolve by virtue of ‘QWIP-like’ performance at increased operating
temperatures.
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2 Experimental methods

2.1 MOVPE

The word epitaxy refers to a method of placing atoms on top of a substrate
material so that the crystallographic arrangement of the deposited material
conforms to that of the substrate. It is the basis for fabrication of
semiconductor thin films and quantum structures that have been essential in
the development of many modern technological advances such as the first
compact microwave source (the Gunn diode) [48], the double heterostructure
laser [49, 50], the heterojunction bipolar transistor (HBT) [51] and the high-
electron-mobility transistor (HEMT) [52]. In particular it allows for industrial
scale production of advanced optoelectronic devices such as vertical-cavity
surface-emitting lasers (VCSELs).

Normally the substrate is chosen with the same or similar crystal structure and
lattice constant as the intended epitaxial layer, but this is not always possible
due to inherent difficulties in fabricating bulk crystals of certain materials,
such as ternary III/V compounds and GaN [53]. GaN-based thin films, typically
used in blue and “white” light-emitting diodes (LEDs), are therefore generally
grown on sapphire substrates. Single-crystalline substrates used for epitaxial
growth are most commonly fabricated from a melt by the liquid-encapsulation
Czochralski (LEC) process, in which cylindrical ingots are pulled from the melt
and sliced into discs, called wafers.

In this work, we use the metal-organic vapor-phase epitaxy (MOVPE)
technique. Here the source materials are metal-organic compounds and
hydrides. The latter are generally gases at standard temperature and pressure
(STP) whereas the former typically are in liquid form at STP. Highly purified
hydrogen (>99.9999999 % [54]) is used as carrier gas. It is injected into the
metal-organic compound containers, called bubblers, where it is saturated
with the vapor-phase of the metal-organic compound. The carrier gas
transports the source materials towards the heated substrate in the reactor
cell. A phenomenological model of the growth is presented in Fig. 3. The
sketch illustrates the whole MOVPE process starting with the diffusion of
metal-organic compounds towards the substrate. The high temperature in the
vicinity of the substrate facilitates a pyrolysis process which thermally
decomposes the metal-organic molecules. After that the metal-radical adsorbs
on the surface and diffuses towards a surface step on the substrate where the
metal reacts chemically with its complementary counterparts forming a
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semiconductor crystal. The diffusion length is strongly temperature
dependent. At standard growth conditions the incorporation most likely occurs
at a step edge which minimizes the surface energy of the semiconductor
crystal. It is strongly desired that all organic by-products desorbs from the
surface during the process.
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Figure 3. A schematic model of the MOVPE growth process. From Asplund [54]
with kind permission from the author.

Growth by MOVPE is often classified in three growth regimes corresponding to
the growth rate limiting phonomenon: kinetics, mass-transport and
thermodynamics/prereactions.

2.1.1 Growth regimes

Growth of III/V materials using standard sources like trimethylgallium
(TMGa), trimethylindium (TMIn), trimethylaluminium (TMAI), arsine (AsHj)
and phosphine (PH3) is typically done at temperatures below 800 °C. Above
this approximate limit pre-reactions in the gas-phase occur which in
conjunction with the exothermic nature of the surface reactions can limit the
growth rate.

In the conventional growth regime (600-800 °C) surface reactions are
relatively fast and the MOVPE process is mass-transport limited with a growth
rate that is proportional to the input partial pressure of the group-III species
[55]. This is due to the high vapor-pressure property of the conventional
group V species (As, P) which acts self-limiting on the incorporation. This is
however not true for Sb, used in this thesis for growth of antimonide
compounds. Due to the comparably low vapor-pressure of elemental Sb, a
precise control near unity ratios of V and III species is required [56]. An
additional complication with Sb is that it tends to segregate and intermix with
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its surrounding due to its weak bonding properties [57, 58]. This was
investigated for GaSb/GaAs and GaSb/InGaP interfaces in Paper E.

Growth of QDs typically requires low growth temperatures (<600 °C) since QD
nucleation and dislocation formation are both thermally activated with a
barrier that scales with the strain € as €% and €! respectively [59]. Low
temperature is also needed in order to maintain self-limiting growth, which is
controlled by a kinetic barrier at the island edges originating in strain [60].
Unfortunately the low temperature can influence the growth properties in
such a way that the growth rate is not anymore mass-transport limited.
Instead, surface reactions can be the rate-limiting step making the growth rate
strongly dependent on temperature. The exact temperature at which the
growth rate becomes surface limited is greatly depends on the material; InAs
growth, used extensively in this work, has been reported to be mass-transport
limited down to 400 °C [61]. Moreover, low-temperature growth can include
incomplete pyrolysis of the precursor molecules and/or incomplete desorption
of by-products from the surface. The latter can be observed in e.g. growth of
carbon autodoped InAs layers at 350 °C [61] and AlGaAs layers at 500-600 °C.
Interestingly, for AlGaAs films, carbon autodoping can in some cases result in
tensile strain [54, 62].

2.1.2 Growth modes

The three principal epitaxial growth modes are two-dimensional layer-by-
layer growth (Frank-van der Merwe), three-dimensional growth (Volmer-
Weber) and Stranski-Krastanov which initially involves two-dimensional
growth followed by islanding. The former is of importance for growth of the
matrix material in this thesis whereas the latter is the known growth mode for
the grown QD systems [63, 64, 65].

2.1.2.1 Layer-by-layer growth

For the case when the adatom diffusion length exceeds the average atomic step
terrace width the adatoms will mainly be incorporated at the edges and there
will be no nucleation of 2D islands on the terraces. This growth mode is called
step-flow [66]. In this mode the reaction rate is fast compared to the adatom
arrival deposition rate and the surface coverage is low. At lower temperature
ranges when the adatom diffusion length is shorter, growth occurs through 2D
islanding. The islands grow in size until they merge.

An example of a surface as defined by homoepitaxy on InAs (001) at 490 °C is
given in the ex-situ measured AFM-micrograph in Fig. 4. Here we see an
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intermediate mode of step flow with some examples of islanding. We note that
this ex-situ measurement may include effects of surface processes during
reactor cooling and hence may not truly reflect the surface during growth as
observed by Asplund and Bernatz et al. for growth interrupts of interior GaAs
interfaces [54, 67].
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Figure 4. 5x5 pm2 AFM micrograph of an InAs (001) surface homoepitaxially
grown at 490 °C using TMIn and AsHs at V/IIl input flow ratio 150.

2.1.2.2 Stranski-Krastanov growth

A simple thermodynamical model to describe heteroepitaxial growth modes
was devised by Bauer [68]. The model is based on a droplet as sketched in Fig.
5. It considers the surface free energies of the substrate y; and the deposited
material y2 and their interface energy yi2. For cases when yi> y2+ yi2 the
growth occurs layer-by-layer (Frank-van der Merwe) whereas if yi< y2+ yi2
growth will occur by islanding (Volmer-Weber) as depicted in Fig. 5.
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Figure 5. A surface energy model describing heteroepitaxial growth. After Bauer
[68].

In the case of lattice-mismatched growth, the lattice mismatch has an effect
similar to that of interface energy [60]. Thus, for small values of strain, the
growth often results in layer-by-layer growth whereas for large strain, Volmer-
Weber islanding can occur with dislocations in the substrate-island interface to
accommodate the mismatch. For intermediate strain values, growth can
initially occur in 2D followed by 3D islanding, so-called Stranski-Krastanov
growth as schematically described in Fig. 6. In this case (Fig. 6 no. 2), the
interface energy is such that y;> y2+ y12. Due to the buildup of strain-energy
when more material is deposited the additional film strain energy term p(t) is
added to the equation. At the critical thickness t¢, yi< y2+ y12+1(tc) and hence a
2D to 3D growth transition occurs with the film increasing its surface free
energy in favor of reducing the strain energy (Fig. 6 no. 3 & 4). At the right
conditions elastically strained, coherent islands are formed (Fig. 6 no. 5).
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Figure 6. A schematic description of the QD formation mechanism.

2.2 Absorption spectroscopy

Absorption measurements were performed on samples with 45° polished
facets in a multiple internal reflection geometry, schematically shown in Fig. 7.
This allows for enhanced absorption but also enables coupling of light with the
electric field in the growth direction into the structure. A Fourier-transform
infrared (FT-IR) interferometer was used to measure the absorption.

Figure 7. 45° polished facet multiple internal reflection geometry.

2.3 Photoluminescence- and photocurrent spectroscopy
The majority of the PL- and photocurrent measurements were done using a
Bruker V70 FT-IR interferometer fitted with step-scan functionality and an
MCT detector with 16 um cut-off. The step-scan mode allows for lock-in
amplification, effectively removing noise sources such as background thermal
radiation. Normal-incident light was used to measure the photocurrent which
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was pre-amplified in a Keithley 427 current amplifier before it was fed into the
FT-IR electronics.

2.4 Scanning tunneling microscopy (STM)

Compared to TEM, STM is a surface sensitive technique where a tunneling
current is measured between the sample surface and an ideally atomically
sharp metal tip. The tunneling current is exponentially dependent on the tip-
sample distance but also depends on the electronical properties of the surface
[69]. The STM technique puts strict demands on the sample preparation with
the requirement of atomically flat surfaces, preferably containing less than one
atomic step per 50 nm surface, to allow for high quality images. The cross-
sectional STM images presented in this work were measured from samples
prepared according to the method of Ernerheim-Jokumsen and Reuterskiold-
Hedlund [70]. With this method, the samples get a 2-3 mm cut using a 0.2 mm-
wide circular diamond saw and are thinned to 150 pm after which they are
cleaved in-situ by forcing a knife into the cut. An Omicron VT-STM in a
chamber with a base pressure lower than 1x10-1 mbar was used to record
cross-sectional STM images at room temperature using W- and Ptlr tips.

In addition, scanning-tunneling spectroscopy (STS) was performed with the
feedback loop of the STM closed measuring I-V in each point. From the -V
spectra, the differential conductance dI/dV can be extracted which is
proportional to the local density of states close to the surface [71]. Examples of
differential conductance mapping performed on QD samples, where the QD
eigenstates are imaged, can be found in Ref. [72, 73].
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3 Theoretical background

3.1 Bandgaps of strained III/V materials

The most common model used to calculate the electronic properties of QDs is
the k-p method [74]. It describes the electron distribution by envelope wave
functions with the interaction between the bands treated via the k-p
perturbation. A valid model relies on an accurate description of compositional
and strain variations within the QD. While the latter can be calculated by
means of the valence force field Keating model [75], continuum elasticity
theory [76] or the Green’s function technique [77], the two influence each
other and are furthermore difficult to exactly determine by experiment. A
closely related difficulty lies in determining some of the material parameters,
such as the valence band offset between materials [78] on which even the most
advanced of k-p models rely.

In this thesis we have used a simple model to calculate the strain- and
composition dependent bandgap in III/V materials which serve as a guide in
the bandgap engineering of the investigated QD materials. The model is based
on the formalism of the k-p method and deformation potential theory in which
we assume a QW-like strain, i.e. biaxial strain in the (001) crystal plane. In the
case of the conduction band energy at the I'-point for a cubic semiconductor,
the strain-induced shift can be treated as a perturbation and be expressed as
[79]

C12
(3.1) AE; = 2a, (1 - C_) €,

11

where a. is the Pikus-Bir hydrostatic deformation potential, C1; and C;; are the
elastic stiffness constants and ¢; is the biaxial strain. The strain-induced shifts
at the I'-point in the coupled valence bands can similarly be obtained for the
case of (001) biaxial strain in a cubic semiconductor. The following
expressions are obtained from evaluating the 6-band k-p eigenvalue equation
analytically [74]:

(3:2) AEyy = —(Fe + Qo)

(3.3) AEyy = =P +3(Qc — Bso +/BZ, + 2B55Qc + 90Z)
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1
(3.4) BEso = —P. +3(Qc — Aso = /AZ, + 2850Qc + 90%)

where €1:1= €25=(asub-Aepi)/Aepi is the biaxial strain defined by the substrate
lattice constant as,» and the epilayer lattice constant depi. Aso is determined
experimentally for unstrained material whereas P. and Q. can be expressed by

C12
(3.5) PG = —ay 14+— €11
Cll
C12
(3.6) QG = _b 1 + 2— €11
Cll

ay and b are the Pikus-Bir deformation potentials describing the influence of
hydrostatic and uniaxial strain respectively. Notably, non-inverted hole
energies are expressed in contrast to the formalism outlined by Ikonic [74].

The composition- and strain dependent I'-point band edges were calculated
from the aforementioned equations using tabulated values from [78] and
linear interpolations of the ternary valence band offsets.

3.2 Photodetector figure of merits

In the following, we review some figure of merits used to define photodetector
performance. Among these, D* is commonly used to characterize single-pixel
detector elements whereas detector arrays are commonly compared in terms
of noise-equivalent temperature difference (NETD).

3.2.1 Responsivity

The responsivity gives a measure of the photocurrent in relation to the optical
intensity in the unit [A/W]. Assuming unity gain the responsivity is expressed
as

ql
3.7 R, = — A/W
(37) 1= (/W)
where q is the elementary charge, A is the wavelength, h is Planck’s constant, ¢
is the speed of light and 7 is the quantum efficiency.

3.2.2 Noise
The noise plays an important role in defining the performance of a photon
detector. The common noise sources are summarized by Kruse [80].
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e Thermal noise (also called Johnson noise),
originates from the random motion of carriers in a resistive material.
The short circuit noise current is given by

AKTAf
lT = R

where k is Boltzmann'’s constant, T is the temperature, 4f is the noise
bandwidth and R is the resistance of the sample being measured.

e Generation-recombination noise,
is caused by fluctuations in the generation and recombination of
charge carriers.

e Shot noise,
originates in the discrete nature of the elementary charge and the
random arrival at the contacts. In a reverse biased photodiode it
expresses itself as

iS =4/ quoAf

where q is the elementary charge, Iy is the saturation current and Af.
Shot noise is also present in a photon flux.

e 1/f-noise (also called flicker noise),
gives a significant contribution at low frequencies. Its origin is
generally not known but it appears to be associated with the presence
of potential barriers at contacts, in the interior or at semiconductor
surfaces.

3.2.3 D"

D* (pronounced dee-star) is an important parameter used to assess the signal-
to-noise performance in photodetectors. For a monochromatic radiation
source it is expressed as [81]

R,
(3.8) D= e ™
NZTY;

(cmHz/2 /W)
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where R;is the responsivity, insise is the total current noise, A is the detector
area, iq is the dark current noise and i, is the shot noise of the background
photon flux in the detector scene.

A special condition occurs when the background noise equals the dark current
noise. At this condition, the so-called background limited photodetector (BLIP)
condition D" in a photovoltaic detector can be expressed as [82]

\ A f n
(3.9) DBL,,,(A)=E 2o, (cmHz/2 /W)

D* can also be expressed in response to a black body source as a function of the
black body temperature T. Unless otherwise stated, the detector field of view is
assumed to be hemispherical (21 steridians). D* in this case is expressed as
[80]

AAf /i
G10) oy =YE () (e w)

P Lnoise
where A is the detector area, P is the incident radiant power, iy is the
photocurrent and i,ise is the root-mean-square current noise.

3.2.4 Noise-equivalent temperature difference (NETD)
A measure often used to assess the performance of focal plane arrays is the
noise-equivalent temperature difference (NETD). It is defined by [83]

AT

(3.11) NETD = I -

(mK)

where I, is the root-mean-square noise and 4I; is the signal measured for the
temperature difference AT. The NETD can be modeled if the I-V characteristics
and the spectrally dependent quantum efficiency are known. First, the spectral
radiance of a blackbody corresponding to the detector scene temperature is
calculated from Planck’s law as

_2hc? 1 W
(3.12) B=—5 —% ) G
e TRT —
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which can be expressed in terms of photons per second by multiplication with
A/(h-c)

B _ 2he? 1 A photons
(3.13) VE e%—l he s-Sr-m?-m

The portion of the spectral radiance which is perceived by the detector focal
plane array behind a cold shield aperture or a lens with a focal length to
diameter ratio f/# is called the spectral irradiance E and can be expressed in a
simple model as [83]

1 photons
(3.14) Epp = 1+4—(f/#)2 By -
The spectral irradiance is calculated in Fig. 8 for an f/4 aperture and a
background temperature of 30 °C. Here we see the spectral irradiance
expressed in terms of photon flux as a function of wavelength. Notably for this
background temperature, which corresponds to the temperature of a typical
imaged object, the majority of the photons have wavelengths longer than 5 pm.
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Figure 8. Calculated spectral irradiance for f/4 optics and a background of 30 °C.

Multiplying the spectral irradiance with the wavelength-dependent quantum
efficiency gives the spectral photocurrent density which is plotted for a type-II
IngsGao.sSb QD photodetector material in Fig. 9. Here the spectral photocurrent
density is plotted as a function of wavelength.
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Figure 9. Spectral photocurrent of a type-II Ino.sGao.sSb QD photodetector based
on measured quantum efficiencies at 196 K. The calculation assumes an f/4
aperture and a 30 °C background.
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The detector photocurrent density can be calculated by integrating the spectral
photocurrent over the desired spectral range.

An important parameter for the NETD calculation [84] is the thermal contrast
C which expresses the fractional change in detector output per change in scene
temperature.

(3.15) c

1 (aldet(Tscene)) (1/K)

B Idet (Tscene) aTscene

The NETD can be calculated from the scence temperature difference which
corresponds to a change in the photocurrent equal to the noise [85] :

(3.16) NETD = (tCngyo/Nyy)

Here T is the optics transmission factor which often can be assumed to be close
to unity and N, is the number of carriers photogenerated within the
integration time &,

(3.17) Ny, = nAatineEpn

The “percentage of BLIP”, ngip, is the ratio of photon noise to composite pixel
noise [85]

N? + N?

(3.18) I JM
photon pixel

In Eq. (3.16) we note that the NETD is inversely proportional to the square

root of the photogenerated carriers which correspond to the integrated charge

in the ROIC capacitor. Hence, the NETD benefits from high quantum efficiency

and a long integration time.
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4 (Al)GaAs(Sb)/InAs QDs

Although epitaxial self-assembly of QDs is most commonly associated with
growth of compressively-strained materials, tensile-strained QDs, also referred
to as “anti-dots”, have been demonstrated for a number of III/V-material
combinations [64, 86, 87, 88, 89, 90, 91, 92]. References [90] and [92]
furthermore show photoluminescence and lasing of GaAs QD/GaSb
heterostructures respectively. This suggests that tensile strained QDs can be
grown coherently and can be optically active. Of particular interest for this
thesis are GaAs-based QDs grown on InAs (0 0 1), which are predicted to have
an effective type-II bandgap matching the MWIR and LWIR spectral regions
[93], [Paper A]. An attractive property of tensile strained QDs is that the
highest valence band states are light-hole like. Since this implies a lower
effective mass of the holes, it is expected that the corresponding wave
functions penetrate deeper into the matrix as compared to heavy hole states
[94]. This entails an increase in the wave function overlap between conduction
band and valence band states resulting in a higher absorption coefficient,
which is beneficial for photon detection. In this thesis we have explored the
possibility of realizing photodetectors for the LWIR spectral region based on
(Al)GaAs(Sb) QD grown in an InAs matrix.

4.1 The influence of Si doping on absorption

As discussed in Paper A, we identify absorption properties in
(A)GaAs(Sb)QD/InAs structures which follow the expected behavior of intra-
valence band absorption with distinct peaks in the MWIR and the LWIR
infrared ranges; The absorption energy decreases for reduced QD layer
thickness as well as for increased QD bandgap by the alloying with AlAs.
Strikingly, these properties are only observed for Si-doped QDs. Intra- valence
band absorption is expected when there is a presence of bound holes in the
QDs, as in the case of e.g. p-doped QDs. Under normal circumstances however,
Si provides n-type doping in GaAs. A possible explanation for the observed
phenomenon can be that the QDs indeed are p-doped as it has been shown that
Si can take the As lattice site and provide p-doping in GaAs for growth on
crystal planes other than the standard (001) [95, 96, 97]. Several facets are
present during island growth, which may influence the Si-incorporation and
result in p-type material. The high tensile strain can also possibly have an
influence on both the incorporation and the dopant energy level. Alternative
dopant materials from group II (Zn) and group VI (Te) , in the form of DEZn
and DETe were investigated using nominal dopant concentrations from 5x1018

31



cm3 to 1x10%2%2 cm3 and 5x1017 cm-3 to 1x101° cm3 respectively. However, no
QD-related absorption was observed in either case. So far no conclusion can be
drawn on the role of Si-doping and the absorption of (Al)GaAs(Sb) QD/InAs
structures remains poorly understood.

4.2 Photoluminescence spectroscopy of (Al)GaAs(Sb)
QDs

Single- and multilayer structures with (Al)Ga(Sb) QD layers of nominal
thickness in the range 1.2-5 MLs were measured by means of PL spectroscopy
at 77 K and 4 K. In all cases, no quantum dot related PL could be observed
although luminescence stemming from the InAs matrix is detected. This
suggests either that the heterostructure lacks a confining potential, which is
inconsistent with the observed absorption and contradictive to the band edge
calculations, or alternatively, the radiative recombination path is too
inefficient. The former was claimed by Tenne et al. without a full motivation
[88]. On the other hand the band edge calculations made in Paper A and by
Pryor and Pistol [93] are both based on the composite value of the GaAs/InAs
valence band offset presented by Vurgaftman et al [78]. The valence band
offset was chosen from values in a range of 0.29 eV. Notably, this is comparable
to the bandgap of InAs and constitutes a probable error. The calculations
furthermore assume strain distributions which may differ from the grown
material, where dot geometry and interdiffusion with the matrix material can
play a major role. However, absence of radiative recombination can also be a
result of more efficient competing non-radiative recombination paths [98].
Such non-radiative recombination paths are often facilitated by crystal defects
[98]. The growth conditions used in this thesis can have induced crystalline
defects. Moreover could these be inherent to the material combination.

A relevant study in this context was presented by Ohkouchi and Ikoma [87]. In
their work they epitaxially deposited GaAs on nominal and vicinal InAs (001)
surfaces. They observed that InGaAs clusters form near step edges which relax
strain by formation of cracks whereas GaAs deposited on a flat surface relaxes
strain by forming 3D islands. According to this conclusion low-temperature
epitaxy could reduce adhesion to step edges and thereby possibly improve
crystal quality. In addition, growth on exactly oriented wafers or alternatively,
buffer layer growth at high temperature can possibly provide better conditions
for formation of defect free, coherently strained QDs.

In summary, absorption in tensile strained (Al)GaAs(Sb) QD/InAs structures
was observed with intraband-like behavior. The measured absorption energies
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indicate that the material can be suitable for infrared detection. Tensile
strained QDs are potentially better suited for detection than their
compressively strained counterpart due to their light hole -like confined
states.
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5 In(Ga)Sb/InAs QDs

InSb QDs with spontaneous emission in the MWIR spectrum were first
demonstrated by Norman et al. [99]. These were, in contrast to the original
work on self-assembled InSb QDs by Glaser et al., grown on InAs substrates,
which at the time provided the smallest interband transition energy in any
epitaxially self-assembled QD system [100]. This is due to the band alignment
with InAs which forms a type-III heterojunction; i.e., there is no overlap of the
bandgaps of the two materials [78]. Such a configuration is highly attractive for
infrared photon detection since its interband transitions could in theory span
the whole IR range. An essential part of this thesis is focused on developing
MOVPE growth methods to decrease the optical transition energies in this
heterojunction and to realize a sensor material with response in the LWIR
spectrum [Paper B, Paper C, Paper D].

5.1 Band energies

Figure 10 shows the calculated conduction and valence bands of InGaSb alloys
biaxially strained to InAs (001). The type-III band alignment is preserved for
the whole range of compositions while the strain varies from 7% for InSb to
0.6% for GaSb. The photoluminescence reported in InSb QD/InAs material
stems from recombination between continuum electron states in InAs and
bound hole states in the QDs [99, 65, 101, 102, 103, 104][Paper B]. The
emission wavelength is strongly dependent on the confinement effects in the
QDs predominantly defined by the QD size, as argued in Paper B and Paper C.
In the course of this thesis several growth parameters were studied, such as
nominal thickness, V/IIl ratio, temperature, growth rate and growth
interrupts, in order to obtain larger quantum dots suitable for the LWIR wave-
band.
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Figure 10. Calculated conduction band minima and valence band maxima at the
gamma point for biaxially strained InGaSb alloys grown on InAs (001) at 77 K.

5.2 Growth optimization

In the framework of developing In(Ga)Sb QD growth, AFM characterization of
uncapped QD layers revealed nanometer height variations on micrometer
length scales. A discrepancy between AFM measurements of uncapped QDs
and PL measurements on capped QDs was previously identified for samples
grown in the Aixtron 200/4 reactor at KTH in the InAs QD/GaAs and GaSb
QD/InAs material systems. This can be explained by material redistribution in
the test samples during reactor cool-down or it could indicate that the capping
plays a role in the QD formation which is known in e.g. the InAs QD/GaAs
material system [105, 106, 107, 108] . For this reason bulk of the optimization
was done based on PL measurements. The QD-like shape of the grown
structures was confirmed by STM measurements.

5.2.1 InSb QDs

The optimization of InSb QD growth conditions for long wavelength is
described in Paper B. Here it was found that nominal QD layer thickness, the
V/III ratio in the inlet gas phase and temperature were the most influential
growth parameters. Particularly temperature is known to strongly influence
QD formation; both the nucleation phase and the 3D-island growth phase are
thermally activated [59, 109]. The rationale of the study was, hence, to find an
optimal growth temperature which promotes growth of large QDs in this
material. To investigate and find optimum conditions for large-QD formation a
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number of single-QD-layer samples capped with 50 nm InAs were grown in the
temperature range 430-530 °C. Figure 11 summarizes the PL measurements of
these samples showing PL intensity as a function of energy and wavelength
[partially shown in Paper B, Fig. 3] Independently of the growth temperature
we observe a luminescence peak at approximately 3 um stemming from the
InAs matrix. In addition, PL originating from type-II transitions in the QDs is
observed in the range 4.3-6.2 um. Interestingly, the transition energy shows a
pronounced redshift while increasing the growth temperature from 430°C to
450°C with a subsequent blueshift up to 530°C. Furthermore, at growth
temperatures between 450°C and 490°C the luminescence shows a double
peak structure indicating a second bound state or a bimodal distribution of
island sizes. The longest wavelengths are obtained for the temperature range
450-490 °C. There are several reasons which can explain this temperature
behavior. While it is expected that growth at high temperature would facilitate
diffusion of adatoms promoting growth of large QDs, the nucleation process is
simultaneously facilitated. The short PL wavelengths in the high temperature
samples can indicate that the island evolution is strongly influenced by the
initial nucleation. Alternatively, it can also be explained by interdiffusion with
As which increases the type-II bandgap. The short PL wavelengths for the
samples in the low-temperature regime can be explained by a limited adatom
surface mobility or influence of the precursor chemistry at low temperature,
although it has been reported that TMSb can be catalytically decomposed on
surfaces in the presence of TMIn at 400 °C [110]. In summary, we found that
InSb QDs deposited at 450 °C-490 °C have the lowest transition energy for the
specific growth conditions which makes them a suitable base for further
optimization. 470 °C was chosen as growth temperature due to a higher PL
intensity of the QDs relative to the matrix.
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Figure 11. Photoluminescence at 77 K of single-layer InSb QD samples grown in
the temperature range 430-530 °C at a nominal thickness of 5 ML and 0.8 as the
V/Ill ratio. The curves have been offset for increased readability. Four of the
curves have been scaled down for the same reason. 36 mW excitation power was
used in the measurement.

In addition to the growth optimization reported in Paper B, the influence of
growth interrupts (GIs) on the QD formation was investigated. Growth
interrupts can increase the dot height and, hence, red-shift the PL in the more
common QD systems InAs/GaAs and InAs/InP [111, 112, 113]. For this study, a
series of samples was fabricated with GIs during and after the QD layer
deposition. Three samples were prepared with a 10 s GI after the following
portion of the QD layer was deposited: one quarter, one half and the full QD
layer. After the GI the full QD layer deposition was completed (8 ML) and the
sample was capped. Another two samples were prepared with Gls after the QD
layer deposition; one with a 30 s GI and one with a 10 s GI during which the
surface was stabilized with Sb. Figure 12 displays a waterfall plot of the PL
intensity as a function of transition energy and wavelength of these samples
where the topmost sample grown without GI is added as a reference. The
samples subjected to GIs before the full QD layer deposition show a very small
shift in the QD-layer-related PL peak wavelength. This can be an indication that
the critical thickness is less than 4 ML. Furthermore, a significant blueshift of
the type-II transition is observed for the 10 and 30 s GI samples where the Sb-
stabilized sample notably displays a smaller shift. This is interpreted as a
redistribution of material into smaller islands and can be explained by an
equilibrium density and QD size which differs from the density defined by the
initial nucleation. If so, a slowing of the kinetics can be advantageous for large
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QD formation. Antinomy stabilization of the surface is possibly an example of
this.

Wavelength [um]
3 4 5 7 8 910

/\N_OEI—__/\,

10 s after 2 ML

10 s after 4 ML

10 s after 8 ML

PL intensity [a.u.]

0.45 0.40 0.35 0.30 0.25 0.20 0.15
Energy [eV]

Figure 12. Photoluminescence at 77K from single-layer InSb QD samples grown
with different GI sequences. The QD layers are nominally 8 ML grown at 470 °C
and 0.8 as V/III ratio. The excitation power was 36 mW.

The optimal parameters found for growth of long-wavelength single-layer InSb
QDs with peak PL at 6.2 um are: 8 ML nominal thickness, V/I11=0.8 and a
growth temperature of 470 °C without any GI. Multilayer growth of this
material was investigated with InAs spacer thicknesses of 50 nm in order to
isolate the stress in the QD layers. It was found that samples with 5 QD layers
had a rough surface morphology and decreased peak PL intensity which was
related to poor quality of the matrix material growth at the QD growth
temperature 470 °C. High quality growth of InAs was achieved at 530 °C and
this was also employed in growth of multilayer QD samples by an initial 5 nm
cap of the QDs at the QD growth temperature after which 45 nm InAs was
deposited at 530 °C. The difference of the two capping methods is displayed in
Fig. 13 where we plot the PL intensity as a function of the transition energy
and the corresponding wavelength. We find that the high-temperature capping
increases the QD peak PL intensity by roughly three times.
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Figure 13. Photoluminescence at 77 K from 5-QD-layer InSb samples with InAs
spacer layers grown at 470 °C and 530 °C. The excitation power was 36 mW.

With the described method, high quality multilayer InSb QD samples were
grown with up to 20 layers. The PL from these samples, displayed in Fig. 14 as
a function of energy and wavelength, shows a negligible shift of the peak PL
wavelength and very little broadening with increasing number of layers. This
indicates that the spacer layer is sufficiently thick and of sufficient quality not
to influence the growth of subsequent QD layers. This growth scheme was used
in the fabrication of the photodetectors demonstrated in Paper B.
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Figure 14. Photoluminescence at 77 K of samples containing multiple layers of
InSb QDs grown at 470 °C with InAs spacer layers grown at 530 °C. The QD layer
nominal thickness is 8 ML and the V/III ratio during QD growth was 0.8. The
excitation power was 36 mW.

5.2.2 InGaSb QDs

Paper C describes how the growth of InGaSb QDs is optimized for long
wavelength. Here we argue that the addition of Ga in the QDs has a moderate
effect on the band energies, as can be seen in Fig.10, and a large effect on the
QD growth dynamics due to lower strain which is interpreted to result in
formation of larger QDs with less confinement effects. It is observed that a
higher temperature and a larger nominal QD layer thickness are needed for
formation of long-wavelength InGaSb QDs as compared to pure InSb QDs. An
example of this can be seen in Fig. 15 (Paper C, Fig. 6) which displays the
photoluminescence of a series of single-QD layer samples grown at 530 °C.
Here PL is demonstrated up to 12 pm for 16 ML Ing4GaopeSb QDs. A general
remark is that the PL intensity decreases with increasing emission wavelength.
This can either be explained by nucleation of dislocations that increase the
non-radiative recombination or by a reduction of wave-function overlap as a
result of the weaker confinement.
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Figure 15. Photoluminescence at 77 K of single-layer InGaSb QD samples grown
with varied thickness, composition at 530 °C with a V/III ratio of 1.2. 67 mW
excitation power was used in the measurement.

As the total volume of the material in a QD layer is small compared to the
absorber volume in a bulk material based photodetector, in which the
absorber region can be several micrometers thick, it is expected that multiple
QD layers are required to allow for good absorption. Therefore, growth of
InGaSb QD multilayer structures was studied in test structures where 10 QD-
layers are grown with 80 nm spacer layer thickness on a 200 nm InAs buffer
layer. Of particular importance is how the material accommodates the strain
and how the topmost QD layers are affected by the initially grown QD layers.
This is illustrated by the photoluminescence spectrum in Fig. 16, which shows
the PL intensity as a function of energy and wavelength for multilayer QD
samples grown under different conditions. In this figure, the peak PL of the 10-
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layer samples is shifted to longer wavelength as compared to the single-layer
samples. The shift is larger for the case of 12 ML IngsGaosSb QDs compared to
14 ML Ing4GapeSb QDs. Clearly, the growth of multiple QD layers is affecting
the optical properties of the material which is possibly a result of initial QD
layers acting as stressors for upper lying QD layers, roughening of the surface
as a consequence of the 3D growth, or non-elastic strain relaxation. Notably,
Nomarski phase-contrast micrographs of the surfaces from the samples in Fig.
16a and b are specular and are not significantly different from the surfaces of
epitaxially grown InAs layers with comparable thickness. The QD growth
parameters from Fig. 16 (a) were used in the fabrication of the photodetectors
presented in Paper D.
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Figure 16. Photoluminescence at 77 K of multilayer InGaSb QD samples grown at
530 °C, V/III ratio 1.2 with a) 12 ML Ino.sGao.sSb, b) 14 ML Ino.«Gao.sSb. An
excitation power of 67 mW was used.

To further evaluate the influence of the nominal QD-layer thickness of
multilayer samples we reproduced the 10-QD-layer sample of Fig. 16 (a) with
an increased QD-layer thickness to 14 ML. The resulting PL spectroscopy data
is plotted in Fig. 17 (a). Here we see PL as a function of energy and wavelength
with QD peak PL intensity at 9 pm. Due to a very weak PL signal twice the
excitation power of the measurement in Fig. 16 (a) was used. Still, the PL
intensity is about half of that in Fig. 16 (a). Additionally Fig. 17 (b) shows the
Nomarski phase-contrast micrograph of the corresponding sample. The
surface morphology shows a large number of micrometer-sized defects and
has a “milky” or “hazy” appearance which is interpreted to be a result of non-
elastic strain relaxation. It illustrates that growth of multilayer InGaSb QD
structures aimed for the LWIR is very sensitive to small variations of the
growth parameters which in turn indicates a close proximity to the critical
point of plastic strain relaxation. Thus, the growth of 50 or 100 QD-layers,
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potentially attractive for high quantum-efficiency photodetectors, can prove to
be a significant challenge
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Figure 17. Properties of a 10 layer sample consisting of 14 ML QD layers of
Ino.sGao.sSb studied with a) Photoluminescence (77K) at 146 mW excitation
power and b) Nomarski phase-contrast microscopy. The sample was grown at
530 °C with a V/III ratio of 1.2 with 80 nm InAs spacer layers.

5.3 Microscopy

A key point in the development of long-wavelength type-1I QD material is the
relation between the theoretically predicted band alignment and the actual
measured type-II transition. The simple strained thin-film model used in this
thesis predicts that the dots must provide strong confinement to match the
measured photoluminescence energies [Paper B, Paper C]. Microscopy can be a
powerful tool to investigate structural properties of QDs such as size and shape
but also crystal defects and to some extent compositional variations stemming
from e.g. intermixing or segregation [114, 58, 115]. Norman et al. and Ivanov et
al. reported transmission electron microscopy (TEM) results on InSb QD/InAs
heterostructures grown with MOVPE and molecular-beam epitaxy (MBE),
respectively. The measured dot diameters were in the range 2.5-10 nm which
suggests that the QDs have strong confinement effects [99, 101] .

5.3.1 Transmission electron microscopy (TEM)

In the course of this work, several attempts were made to image InSb QDs with
TEM. For plan-view samples, dimpling and argon ion milling was used to
prepare samples while cross-section samples were prepared with focused-ion-
beam (FIB) and gallium ions as sputter medium. In both cases it was found that
the sample preparation introduced disturbing elements for the measurement.
For the FIB-prepared samples this is likely related to the sputtering damage
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caused by gallium ions and in the argon milled samples redeposition of
sputtered material is identified as a probable source. The disturbances are
particularly worrisome for plan-view measurements and the alignment
procedure for weak-beam dark-field condition which is commonly used to
image strain and dislocations with high contrast [116].

The cross-section TEM micrographs obtained, an example of which is
displayed in Fig. 18, show results comparable to what was reported by Ivanov
et al. [101]. The figure shows the cross section of three dot layers indicated by
dark contrast. These layers are separated by 80nm of InAs. As with the cross-
section TEM results from Ivanov et al, the individual QDs in this figure are
difficult to discern; partly due to the spotty pattern identified as sputtering
damage but possibly also due to small dot sizes.

=X
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Figure 18. Cross section bright-field STEM micrograph of an InSb QD multilayer
structure consisting of 10 QD layers, each 3 ML thick. The sample was grown at
490 °C at with V/III ratio 1.6.

5.3.2 Scanning tunneling microscopy (STM)

A major milestone of this thesis work was the confirmation by STM that QDs
had formed with the here presented growth method [Paper B, Fig. 6]. This
figure describes a layer with morphological and compositional variations
strongly confined in the growth direction which is interpreted to be a result of
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QD formation with dimensions in line with the TEM microscopy results of
Norman et al. and Ivanov et al. [99, 101].

Additional measurements were performed on samples with longer PL
wavelengths which proved to be more difficult to image with atomic
resolution. Atomic resolution of the matrix material was achieved multiple
times but the QD layer was always blurred. A possible reason could be a
disturbance of the tip due to large bulging of the QD layer caused strain release
after cleaving. It could also originate in the increased offset between the bound
hole states and the valence band edge which is probed when atomic resolution
of the matrix is achieved. Due to the band alignment, all QD states are probed
when probing the matrix valence band. Since these states can have different
localization, it can influence the resolution in a negative way.

In this work we have performed STS measurements on cross-sections of an
IngsGaosSb QD layer of which the differential conductance is imaged for a
number of sample biases in Fig. 19. The sample bias is swept to larger negative
values from top to bottom, imaging filled states. Filled states available for
tunneling are schematically indicated in green on the left hand side in the
figure. At Vsample=-0.07 V no contrast between the QD layer and the matrix can
be seen which is interpreted as probing of states in the bandgap of both
materials. When the bias is changed to -0.13 V, the conductance from the QDs
can be differentiated which possibly corresponds to the QD ground state. The
QD signal increases with increasing negative sample bias indicating that an
increasing number of states are probed. At -0.35 V higher, less localized QD
states and possibly also quasi-continuum states are probed. In this image the
individual QDs can no longer be identified and the QD layer appears as an
undulated QW. The interpretation of this measurement series is that QDs have
formed also in the case of Ing5GaosSb which appear larger than InSb QDs as
measured in constant-current “topography” mode STM.
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Figure 19. Normalized conductance images [(dI/dV)/(1/V)] of an Ino.sGao.sSb QD
layer cross-section with 12 ML nominal thickness grown at 530 °C with V/III ratio
1.2. Schematics of the band structure are shown on the left hand side with filled
states available for tunneling indicated in green and the ground QD state
indicated in black. The tip scanning was done in the vertical image direction. The
sample bias is varied in the range -0.07 to -0.35 V from top to bottom. The growth
direction is upwards in the figures as indicated.

An additional STS study was performed on a sample from the same wafer, this
time including positive sample biasing to image empty states, presented in Fig.
20. The tip conditions were not as good as for the measurement in Fig. 19 and
there was some drift in the piezoelectric actuators during the data capture as
evidenced in the QD layer positioned diagonally across the images. The sample
bias was swept from -0.85 V to +1.1 V. At the highest positive sample bias both
the InAs matrix and the QD layer show signal, which means that there are free
electron states available at the probed energy level. These empty states
available for tunneling are schematically indicated in blue on the left hand side
of the figure. When the sample bias is lowered to 0.18 V the matrix signal is
still there but the QD signal disappears. Since no electrons can tunnel into the
QD layer, we interpret this to correspond to energies above the QD ground
state. When the bias is furthermore lowered to -0.09 V the signal from the
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matrix disappears, which suggests that probing of states within the bandgap of
InAs but above the QD ground state occurs. At -0.37 V sample bias, the bound
QD states are probed with little signal from the matrix. At higher negative
sample bias (-0.85 V) tunneling to the matrix valence band dominates. This
study provides a qualitative measure of the band alignment in the IngsGaosSb
QD/InAs heterostructure and strongly indicates that the heterostructure is
either of type-II or type-IIl in accordance with the band edge calculations
presented in Fig 10.
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Figure 20. Normalized conductance [(dI/dV)/(1/V)] images of an Ino.sGao.sSb QD
layer cross-section with 12 ML nominal thickness grown at 530 °C with V/III ratio
1.2. Schematics of the band structure are shown on the left hand side with empty
states available for tunneling indicated in blue, filled states available for
tunneling indicated in green and the ground QD state indicated in black. The tip
scanning was done in the vertical image direction. The sample bias is varied in
the range 1.1 V to -0.85 V from top to bottom. The growth direction is upwards in
the figures as indicated.
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6 In(Ga)Sb type-II QD photodetectors

Near-IR photodetection mediated by type-II transitions in epitaxially grown
self-assembled QDs has been reported in several instances and has a potential
application in intermediate-band gap solar cells (IBSCs) [117, 118, 119, 120,
121]. Detection at longer wavelengths, suitable for infrared imaging, has so far
only been demonstrated by two groups [122, 123] [Paper B, Paper D]. In this
work the aim has been to fabricate photodetectors for the LWIR spectrum
compatible with standard indium-bump FPA hybridization techniques
involving a mesa-etch to define pixels [124]. We have employed an iterative
approach of extending the detection wavelength in subsequent QD
photodetectors based on the progress of the QD material development
outlined in section 5.2.

6.1 Design and fabrication

A simple p-i-n diode design was devised to evaluate multiple In(Ga)Sb QD
layers in an InAs matrix as optical active material in photodetectors. A
schematic model of the band diagram of the here presented QD photodiodes is
shown in Fig. 21 indicating the energy levels in the QDs and the QD bandgap
which has a type-1ll alignment with the InAs matrix. The light-blue arrows
indicate the type-Il optical excitation path, generating electrons in the
conduction band and holes in the QDs. The diode design was chosen over a
photoconductor design to relax the needs for accurate control of the intrinsic
layer carrier concentration, which is known to be difficult to measure in InAs
using standard techniques [125].
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Figure 21. Schematic of the band edges in a 10 QD layer photodetector p-i-n diode
indicating the photocurrent generation mechanism

Three batches of photodetectors are presented in this thesis, each with
subsequent improvements in the device design and fabrication methods where
particularly the growth conditions of the QD layers are different. The layer
structures of the three detectors are presented in Fig. 22. In the first batch (a)
the matrix material was grown at 490 °C. The distance of the junction and the
closest QD layer is 250 nm. In the second batch (b) the growth temperature of
the matrix was increased to 530 °C based on the findings in section 5.2.1.
Moreover, the spacing between QD layer and the pn-junction was increased to
800 nm to minimize potential band-to-band tunneling through the QD states,
analogous to trap-assisted-tunneling [126]. In the final batch (c) the layer
structure was inverted to n-i-p which is compatible with the available read-out
circuit (ROIC) ISC 9705. In addition, a thin highly-doped p-layer was added on
top to facilitate the formation of an ohmic contact. As reported by Millea et al,,
the p-InAs/metal interface can form a full-inversion barrier due to Fermi level
pinning in the InAs conduction band, which acts with rectifying effect in the
reverse bias direction [127].
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Figure 22. Layer structures of the presented devices. The activate regions consist
of 10 repeated QD layers as indicated in the figures. Different QD growth
conditions are used in the three batches.

We noticed that the surface treatment is of critical importance in the
fabrication process of InAs-based mesa-etched devices. Mead and Spitzer
reported that dangling bonds create states in the conduction band that causes
an InAs/gold interface [128]. This also occurs in
[129] and the approximate energy spacing to the
conduction band edge was determined to 130 mV by Bhargava et al. [130].
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The resulting effect is a surface inversion layer in the InAs/vacuum interface
that can act as a conducting channel facilitating surface leakage currents in
mesa-etched devices. The surface inversion layer is schematically indicated in
Fig. 23.
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Figure 23. Surface inversion in the InAs/vacuum interface caused by Fermi level
pinning.

A number of processing methods to reduce surface leakage in InAs diodes can
be found in the literature [131, 132]. Marshall et al. reported that the etchant
chemistry plays an important role [131]. Lin et al. also demonstrated that the
addition of an intrinsic layer layer (0.72 pm) in InAs diodes can help reduce the
leakage current [133, 134]. In this work we have used a process based on the
work by Chaghi et al. [135]. It involves mesa-formation by wet-etching with a
H3P04/H202/H20/CsHg07 solution followed by a polishing etch with
Ce¢Hg07/H202, heat treatment at 275 °C, a NaClO/H20 polishing etch and mesa
encapsulation by photoresist. All steps were employed in the three batches
except for the first batch which did not receive the NaClO/H:0 polishing etch
and the photoresist encapsulation. A more detailed description of the process
can be found in the appendix.

A variety of features are defined in the mask-set used to fabricate the devices.
Notably, it includes non-covered mesas for normal incidence photocurrent
measurements with sizes in the range 30-1000 pm. In addition, metal-covered
mesas are available for electrical measurements. Figure 24 shows a
micrograph of a fabricated chip containing several single-pixel devices.
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Figure 24. Micrograph of a chip containing single-pixel photodetectors with mesa
sizes in the range 30-1000 pm.

A summary of the relevant parameters for the three device batches is
presented in Tab. 2.

Batch | Measured QD growth Process parameters Intrinsic
peak PL parameters region
wavelength thickness
(um) (m)

A 4.1 InSb 3 ML, H3P0.4/H20,/H,0/CsHs07 | 1.05

490 °C, CeHg07/H20:
V/1lI=1.6 Heat treatment
B 6.2 InSb 8 ML H3PO4/H202/H20/C6H807 1.7
470 °C, CeHg07/H20-
V/111=0.8 Heat treatment
NaClO/H0
Encapsulation
C 6.5 Ino,sGao,ssb H3PO4/H202/H20/C6H807 1.7
12 ML, CeHg07/H20:
530 °C, Heat treatment
V/II=1.2 NaClO/H»0
Encapsulation

Table 2. Summary of the design parameters of batch A-C.




6.2 Device results

6.2.1 Batch A

Figure 25a shows the measured photoresponse and photoluminescence as a
function of energy and wavelength in a single-pixel device from batch A. The
photoresponse, indicated in blue, has a contribution from the InAs matrix with
a cut-off close to 3 pm whereas the shoulder extending to approximately 5 pm
originates from type-II transitions from bound QD states to continuum states
in the matrix. The QD PL from the same device shows a peak at 4.1 pm,
indicated in red. Figure 25b shows the dark current density measured ina 170
x 170 um? device from batch A. The majority of the devices in batch A have
non-rectifying [-V behavior and high dark currents. Current density
measurements on different mesa sizes indicate that surface currents
contribute to the dark current. The best devices show photoresponse up to 100
K.
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Figure 25. a) Photoresponse and photoluminescence measured ina 170 x 170
um? device at 77 K. b) Dark current density at 77 K.

6.2.2 Batch B

The photoresponse at 77 K of a batch B device is shown as a function of energy
and wavelength in Fig. 26a. In addition, the PL from a corresponding
multilayer QD sample is shown in the same figure, indicated in red. The
photoresponse, indicated in blue, extends up to 6 pm in accordance with the
measured QD-related PL which peaks at 6.2 um. The quantum efficiency is
significantly lower than in batch A but increases up to 0.3 % at 5 um and 140 K
which is the highest temperature at which photoresponse can be measured in
batch B devices. Figure 26b furthermore shows the dark current density as a
function of applied bias in the temperature range 80-140 K. The dark current is
significantly lower than in batch A, although the effective type-II bandgap is
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smaller. This indicates that the additional process steps of NaClO/H.0
polishing etch and photoresist encapsulation is an improvement. The dark
current activation energy at 0.05 V reverse bias, extracted from an Arrhenius
plot of the data in Fig. 26b, is 0.12 eV.
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Figure 26. a) Photoresponse and photoluminescence measuredina 170 x 170
pm? device at 80 K. b) Dark current density at 80-140 K.

6.2.3 Batch C

Figure 27a shows the photoresponse of a 170 x 170 pm? batch C device as a
function of energy and wavelength measured at 59-230 K. The PL from the
same device structure measured at 77 K is shown in red with a QD-related
peak at 6.5 pum. It was obtained after etching away the contact layer and the
majority of the intrinsic layer. We note that the PL is shifted compared to the
10-QD-layer sample presented in Fig. 16a, which was grown with the same QD
growth parameters. This suggests that the inclusion of the QDs in the thicker n-
i-p structure has affected the QD growth as compared to the test structures in
section 5.2.2. The photoresponse originating from type-II transitions is highly
temperature-dependent with signal up to 8 um for temperatures > 200 K. This
was studied in detail in a large temperature range enabled by the lower dark
current as compared to batch A and B. A detailed discussion on the
temperature dependence is presented in Paper D.

Figure 27b shows the dark current density plotted as a function of applied bias
in the temperature range 52-250 K. The measurement at 52 K is limited by
photocurrent due to non-optimal cryostat shielding. At higher temperatures
the dark current is thermally activated with an activation energy of 0.23 eV.
Dark current density measurements on different mesa sizes indicate a smaller
surface current contribution as compared to previous batches. In addition, the
yield of low dark current devices is significantly improved with respect to
batch A and B reaching 60% in the best chip which suggests an improvement
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in the processing, or alternatively in the epitaxial quality of the detector
material. The batch C devices have by far the lowest dark current of the series.
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Figure 27. a) Photoresponse and photoluminescence measured at 59-230 K and
77 K respectively. b) Dark current density at 52-250 K.

6.3 Performance comparison

In the following we present a comparison of the D* and NETD of the type-II
interband IngsGaos QD photodetectors from batch C (Sec. 6.2.3) and more
established technologies.

6.3.1 D*

D* was calculated for an IngsGaosSb QD type-II photodetector with an f/2
aperture and a black body temperature of 300 K in the spectral range 3.5-8 pm,
based on the measured quantum efficiency and dark current presented in
Section 6.2.3 and Paper D. In Table 3 we compare the result with data from
common detector types estimated by Martyniuk and Rogalski [136]. Only
thermal noise and shot noise are taken into account in the type-II QD
photodetector case.

Quantum | BLIP temperature | D*(cmHz/2/W)
efficiency | (Ac=10 pum)
MCT 67 % 120K 8x1011(A=10 pm,100 K)
QWIP 33 % 65K 2x10° (Ac=10 um,100 K)
QDIP 2% 120K 2x101° (A=10 pm,100 K)
Type-1I InGaSb QD | 0.01- - 5x108 (Ac=8 um,136 K)
photodetectors 0.05%

Table 3. Figure of merits for common detector types [136] compared to type-II
InGaSb QD photodetectors at f/2 and a 300 K background. The incident radiant
power is calculated in the 3.5-8 um spectral range for the case of the type-II
InGaSb QD photodetector.
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6.3.2 Noise-equivalent temperature difference (NETD)

The NETD was calculated for a type-II interband InosGaos QD photodetector
based on the results presented in Section 6.2.3 and in Paper D. The imaging
conditions are the following: 30 °C scene temperature, f/4 aperture, ISC9705
ROIC and a 28 x 28 um? pixel size. The integration time is defined by the time
needed to fill the ROIC capacitor to 80 % for an 80 °C scene temperature. The
noise types considered are thermal noise, ROIC noise and shot noise at a
bandwidth of half the reciprocal integration time.

Table 4 lists some examples of NETD values for different detector types
including the calculated value for the IngsGaosSb QD type-II photodetector.
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7 Type-ll quantum-dot superlattice photodetectors

In the initial stages of this thesis photodetector designs based on QD
superlattices were considered. The design idea relies on formation of QD
stacks of alternating InAs and GaSb QDs grown in close proximity to each other
so that minibands are formed with a bandgap corresponding to the LWIR
spectral range. The matrix material is GaAs, which doesn’t require surface
passivation due to the deep level surface states [137] and has great
manufacturability advantages compared to SLSs grown on GaSb substrates.
Schematics of the device structure and the band structure are shown in Fig. 28.

p contact GaAs GaAs  GaAs GaA
InAs. InAs InAs InAs InAs
GaSb GaSb GaSb GaSb GaSb
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n contact
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Figure 28. Schematic type-1I QD superlattice photodetector device design and
corresponding band structure. The bands are indicated in color whereas the
bandgap is indicated in white. Reproduced from Ref. [138].

Hellstrom used an 8-band k-p model to calculate the electronic band structure
and the absorption properties of type-II QD superlattice structures [139, 140].
An absorption coefficient of 1x104 cm'! at 10 pm was calculated for lens-
shaped InAs- and GaSb QDs with an assumed density of 1x10!! cm-2 separated
by 2 nm GaAs in the growth direction [139]. The QD was assumed lens shaped
with a diameter of 36 nm and a height of 7 nm and 6 nm for InAs and GaSb
respectively. The single layer GaSb QD/GaAs structures that were grown in this
work show a discrepancy of approximately 550 meV to the calculated hole
energies in accordance with other published experimental results [PaperE]
[141, 142, 143]. The well-known phenomena of antimony segregation and
interdiffusion with the matrix are identified as the probable causes for the
discrepancy [144, 145, 115]. Paper E investigates whether the GaAs lattice-
matched Ing49Gags1P alloy can better serve as a matrix with less prominent
effects of interdiffusion. In this study, we find that the discrepancy between
theoretical and experimental values of the hole energy is reduced for GaSb QD
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growth in an Ing49Gags1P matrix. Nevertheless, the hole energy in the
Ing49Gaops1P matrix is not in favor of realizing type-II QD superlattice
photodetectors for the LWIR spectrum.

An alternative way of changing the conditions for Sb segregation with the
matrix follows the idea of so-called “heterodots” by Ahopelto et al [146].
Heterodots are coherently strained QDs on top of which another strained
material is selectively deposited, presumably due to the strain conditions as
argued by Ahopelto et al [146], to form a heterojunction within the QD. Eyink
et al. and Zhou et al. demonstrated InAs/GaSb heterodots grown on GaAs
which they call heterojunction quantum dots or “HeQuaDs” [147, 148, 149,
150]. Zhou et al furthermore demonstrated intra-QD type-Il transition
energies up to 1.56 pm [150]. This is the fundamental transition sought in the
type-I1I QD superlattice design which is not likely to cover 10 pm even with
interdiffusion-inhibiting tricks such as low-temperature growth and graded
cap layers [58].

Besides the struggle for the correct transition energy, the type-II QD
superlattice concept includes several engineering challenges such as
promoting carrier transport once photoexcited electron-hole pairs are created,
finding a suitable p-contact material and, perhaps most crucial, self-assembly
of defect-free multiple-QD stacks coupled in the growth direction with a very
small spacer layer in-between.
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8 Conclusions and outlook

In summary, three variations of type-II interband QD photodetector structures
were investigated: tensile strained (Al)GaAs(Sb) QD/InAs, compressively
strained In(Ga)Sb QD/InAs and InAs/GaSb QD superlattices.

The design of InAs/GaSb QD superlattices grown on GaAs substrates [140] is
attractive due to the properties of the GaAs matrix [112] which does not
require passivation and has the potential for high manufacturability. One of the
difficulties in realizing the concept, is to match the electron levels localized in
the InAs QDs with the hole levels localized in the GaSb QDs so that the energy
difference corresponds to the LWIR spectrum. Segregation and interdiffusion
of Sb in GaSb QD growth acts to shift the energies to shorter wavelengths [117,
118, 91]. In Paper E we identify the Ino49Gags1P alloy as an alternative matrix
material that reduces the effects of Sb segregation and/or interdiffusion to an
extent that is still not enough to allow for QD superlattice LWIR absorption. A
second and maybe more crucial difficulty includes the engineering challenge of
self-organizing the QD-superlattices uniformly and coherently over a full
wafer, as would be required in FPA fabrication.

Tensile strained (Al)GaAs(Sb) QD/InAs bound-to-continuum photodetectors
are considerably simpler in design, since no quantum mechanical coupling is
required between the QD layers. Instead, infrared absorption occurs by
photoexcitation from hole-states in the QDs to continuum-states in the matrix
material. (Al)GaAs(Sb) QDs were grown by MOVPE and were characterized by
microscopy, PL spectroscopy and absorption measurements. Transmission
electron microscopy micrographs of 1.2 ML and 1.6 ML thick layers of GaAs
deposited on InAs indicate that coherently strained QDs have formed. No QD-
related photoluminescence could be measured in the (Al)GaAs(Sb) QD samples
that were prepared. However, absorption measurements of samples with Si-
doped QDs reveal absorption peaks in the range 5-12 um. These peaks shift to
longer wavelength for smaller nominal QD layer thicknesses and higher
aluminium arsenide contents, as predicted for intraband absorption. Notably,
no trend is seen for changes in the GaAsSb QD composition which could be
explained by the simultaneous change in lattice constant and consequently the
QD formation. Assuming that the observed absorption in the range 5-12 um is
intraband absorption, the interband transition can approximately be estimated
from the difference of the InAs bandgap and the intraband transition, which
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corresponds to the MWIR or LWIR spectrum. This makes (Al)GaAs(Sb) QDs an
interesting material for infrared photodetector applications.

Much similar in design to (Al)GaAs(Sb) QD-based devices are In(Ga)Sb
QD/InAs photodetectors which merely differ by the compressive strain and the
type-11I band alignment which covers the whole composition range [78]. In this
thesis we have devoted a significant effort on extending the peak interband
type-II transition wavelength, as measured by PL spectroscopy, in InSb QDs to
record-long 6.2 pm [Paper C]. Growth of strain-reduced InGaSb QDs was
explored and developed with PL up to 12 pum, owing to an increased QD size
[Paper D]. During the course of the work, fabrication methods of mesa-etched
p-i-n diodes were developed. This allowed for the demonstration of the first
photovoltaic type-II interband QD photodetector in the MWIR, and later on
devices with photoresponse just reaching the LWIR spectral range. There
should also be good prospects of extending this well into the LWIR range,
considering that PL was demonstrated up to 12 um.

The photoresponse in type-II QD photodetectors is strongly temperature
dependent which is attributed to hole trapping [Paper D]. The detector
mechanism relies on thermal emission of the holes and temperatures
approaching 200 K are needed for efficient extraction. At this temperature the
dark current is too high for the devices to be useful. The viable alternative is to
substitute the matrix material to one which provides less valence band
confinement and facilitates the hole escape process. Paper D suggests InAs;.
xSbx alloys which need to be grown metamorphically since no lattice-matched
substrates are available for x > 0.09. Developing high-quality metamorphic
InAs1.xSbx would most certainly be a significant undertaking which in addition
most probably requires a re-optimization of the QD growth parameters due to
the different lattice constant.

In the present type-II QD photodetector design the performance is limited by
hole transport. The modeling of FPA performance, presented in Paper D, shows
that the photocurrent is strictly smaller than the dark current at typical
imaging conditions (f/4, 30 °C background). If the carrier transport issue can
be overcome, type-II QD interband photodetectors have a potential to be
highly interesting, mainly due to the dark current generation mechanism
which is different than in MCT and QWIPs. If this is favorable, type-1I QD
interband photodetectors can possibly compete with QWIPs by an increased
operating temperature.
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Appendix

Main processing steps for single-pixel photodiodes

8.

9.

Mesa formation by wet-etching, H3POu:citric acid:H202:H,0 1:1:2:20

Mesa sidewall polishing-etch by citric acid: H202 5:1, 1 minute and
then rinsing in DI H>0 for 1 minute

Top and bottom contacts, Ti=500 A, Pt=500 A, Au=2000 A
Thermal treatment, 275°C, 5 minutes

Dip polishing using NaCl0:H,0 1:100, 10 s

Photoresist deposition

Photoresist curing, 200 °C, 2 hours

Chip cleaving

Chip-mounting on carrier

10. Wire bonding

The referred ratios are by volume. The H3PO4 solution contains 85 % H3PO4 by
volume. The H;0, solution contains 30 % H»0; by volume. The citric acid
solution contains a 1:1 ratio of citric acid monohydrate and H,O by weight. The
sodium hypochlorite solution contains 14 % active Cl-.
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Guide to the papers

Paper A: Long-wavelength infrared quantum-dot based interband
photodetectors

Tensile-strained (Al)GaAs(Sb)/InAs QD structures are investigated for use as
the absorber material in LWIR photon detectors. (Al)GaAs(Sb) QDs are grown
with MOVPE and characterized using AFM, TEM and absorption
measurements. Strong absorption is observed in the 6-12 pm spectral range.
The wavelength-shifts observed for variations of QD layer thickness and
composition indicate that the absorption originates in intra- valence band
transitions. From this, the interband transition is estimated to the MWIR and
LWIR spectral regions, which suggests that (Al)GaAs(Sb)/InAs QD structures
can be suitable as an IR detector material.

Author contribution: Material growth and experiment planning, AFM
characterization, part of the absorption measurements, calculations, data
analysis, writing the paper

Paper B: Photoluminescence and photoresponse from InSb/InAs-based
quantum dot structures

In(Ga)Sb/InAs QD structures are fabricated by MOVPE and characterized using
PL spectroscopy, STM and photocurrent measurements. Photoluminescence is
demonstrated with peak emission up to 8.5 um. Photoresponse in a p-i-n
photodiode is demonstrated up to 6 pm at 80 K. The results suggest that InSb-
based QD structures have a potential as a photon detector material for the
LWIR spectral range.

Author contribution: Material growth and experiment planning, part of the PL
measurements, part of the photocurrent measurements, data analysis, writing
the paper

Paper C: Long-wavelength infrared photoluminescence from InGaSb/InAs
quantum dots

The influence of Ga in the growth of InGaSb QD/InAs structures is investigated.
Peak photoluminescence is demonstrated beyond 8 um at 77 K which is longer
than what has been reported for InSb QDs. The results indicate that InGaSb
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QDs can be grown at a larger size than InSb QDs which is interpreted to be an
effect of the reduced strain.

Author contribution: Material growth and experiment planning, calculations,
analysis, writing the paper

Paper D: A performance assessment of type-II interband IngsGaosSb QD
photodetectors

Ing5GaosSb/InAs QD photodiodes are demonstrated with photoresponse up to
8 um at 230 K. A strong temperature dependence in the photoresponse is
observed, which is attributed to hole trapping in the QDs. This limits the device
performance at typical imaging temperatures (60-120 K). A replacement of the
matrix material to an InAsSb alloy is proposed as a mean to facilitate the
thermionic emission of holes and thereby enhance the photoresponse and
detector performance.

Author contribution: Material growth, calculations, data analysis, writing the
paper

Paper E: GaSb/GagpsiIng.4oP self assembled quantum dots grown by
MOVPE

MOVPE is used to grow GaSb QDs in GaAs and Gaosilng49P matrices. GaSb QD
structures are studied with AFM, TEM and PL spectroscopy. The results show
that the PL is in better correspondence with calculated values for GaSb
QD/Gaps1Ing49P structures as compared to GaSb QD/GaAs structures. This
indicates that the effects of intermixing of GaSb QDs in a Gag.s1Ing49P matrix are
reduced as compared to GaSb QDs grown in a GaAs matrix.

Author contribution: Material growth, AFM characterization, data analysis,
writing the paper
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