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Abstract

Veronica LETKA

Medium- and long-wavelength InAs/InAsSb strained-layer

superlattices for applications in infrared nBn detectors

InAs/InAs1−xSbx type-II strained-layer superlattices (SLS) have potential applications

in infrared detection, owing to their narrow tunable bandgap and decreased Auger re-

combination currents. Furthermore, the so-called nBn device architecture promises to

suppress the majority carrier dark current and the surface current thanks to its inbuilt

potential barrier, as well as the Shockley-Read-Hall (SRH) process due to the structure’s

lack of a depletion region. This thesis reports on the growth, modelling, and charac-

terisation of InAs/InAs1−xSbx nBn devices in an effort to deliver a viable alternative

to the HgCdTe-based technology. Sample growth proceeded with the use of molecu-

lar beam epitaxy (MBE) on both native GaSb substrates and lattice-mismatched GaAs

equipped with GaSb and AlSb buffer layers. Excellent crystallinity of devices grown

on GaSb is confirmed with the use of X-ray diffraction (XRD) and transmission electron

miscroscopy (TEM) scans; the GaAs-grown samples, meanwhile, display broadened

XRD peaks and dislocations largely originating at the buffer interfaces. Group V in-

tensity data reveals a Sb segregation length of ∼ 0.95 nm. Temperature-dependent

transmission spectra of undoped SLS samples with varying xSb are obtained using

Fourier Transform Infrared (FTIR) spectroscopy, and used to derive their absorption

coefficients α, which are shown to be comparable to other technologies operating in the

same wavelength range. Direct fundamental optical bandgaps Eg are extracted, and

incorporated into the Kronig-Penney model of the superlattice band structure. Further,
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several nBn device parameters are characterised. Dark current-voltage characteristics

and activation energies show diffusion-limited behaviour at higher temperatures, es-

pecially in the medium-wavelength (MWIR) detectors, but voltage-dependent current

mechanisms dominate at lower T and in some long-wavelength (LWIR) devices. Re-

sponsivity R of two MWIR and two LWIR devices is obtained at target operational

temperatures of 160 and 77 K respectively; the peak value in the MWIR range is found

to be 1.70±0.11 A/W, corresponding to an external quantum efficiency of∼ 33%. When

the dark current density data is combined with responsivity results, the resultant spe-

cific detectivity D∗ is found to be 5.3×1010 cmHz1/2W−1 for the MWIR samples at the

operational bias and temperature of -0.1 V and 160 K, while one of the LWIR samples

shows 1.1×1010 cmHz1/2W−1 at -0.2 V and 77 K.
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Chapter 1

Introduction

The so-called blackbody radiation characterises every object whose spectral emission

lineshape and intensity are determined by its temperature T. The flux of emitted pho-

tons (irradiance Sλ) at a certain wavelength λ is also dependent on the object tempera-

ture, and these two dependencies are expressed such that1

Sλ ∝
λ−5

exp (hc/λkBT)− 1
(1.1)

where h is the Planck’s constant, kB is the Boltzmann constant and c is the speed of

light. Normalised emission lineshapes for several T values can be seen in Figure 1.1.

FIGURE 1.1: Theoretical blackbody emission of an object with T = 1320,
740 and 315 K, normalised to 1. The scale multiplying factors are also

included.
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The implication of this radiative phenomenon is that this thermal radiation can be

used to characterise and image radiating objects using cameras with the detecting el-

ement designed to absorb photons with suitable wavelengths. In practice, however, a

fundamental limiting factor for thermal detection arises from atmospheric absorption,

causing certain λ ranges to be unsuitable for detection, which is illustrated in Figure

1.2.

FIGURE 1.2: Atmospheric absorption as a function of photon wave-
length. Two transparent infrared ’windows’ are discernible: 3-5 µm

(MWIR) and 8-14 µm (LWIR). Figure from osu.edu2.

In the λ range that is broadly of interest in this work (3-14 µm), two atmospheric

’windows’ are available: 3-5 µm, referred to as medium-wavelength infrared (MWIR)

and 8-14 µm, denoted long-wavelength infrared (LWIR). These windows are also marked

on Figure 1.1. The MWIR window is best suited for detection of objects and phenom-

ena at temperatures of hundreds of degrees Celsius, such as hot exhausts, flames or

cooler astronomical objects. The LWIR band, meanwhile, can be utilised to detect and

image objects at or near room temperature, finding use in night vision and reconnais-

sance, security, and atmospheric imaging. Away from thermal emission, both bands

are routinely used for gas detection due to the absorption spectrum lineshape of cer-

tain industrial gases such as CO2
3 and methane4.

The photon-sensing detector technology has been in development since the 1950’s5, and

of all the materials used for photon absorption, the group II-VI semiconductor bulk al-

loy HgCdTe (CMT) has emerged as the dominant material6,7,8,9. However, in addition

to several manufacturing and structural issues10, the CMT technology now faces a legal
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hurdle in the form of the Minamata convention, aimed at eliminating the toxic element

mercury from commercial products in the signatory countries11. Various group III-V

detector materials, although less ubiquitous than CMT, have developed alongside it;

this includes both bulk materials such as InSb and InAs1−xSbx, and quantum struc-

tures such as quantum wells (QW) and strained-layer superlattices (SLS). A superlat-

tice, which is part of the focus of this work, can be understood as a series of quantum

wells and barriers that are physically thin enough (usually a few nanometers) to allow

carrier tunnelling across the potential barriers. Unlike in a quantum well, whose pri-

mary mode of absorption is inter-subband transition10, absorption in an SLS occurs via

the fundamental interband transition between the first electron and heavy hole bands.

Selection rules that forbid optical transitions perpendicular to the growth axis in QW

structures are also relaxed in the superlattice structure, eliminating the need for scatter-

ing filters10.

A superlattice type particularly advantageous for IR detection is called type-II, where

the top of the valence and the bottom of the conduction bands are located in the two

different materials, giving rise to a highly tunable optical bandgap Eg independent of

the band structure of either constituent material. This also causes spatial separation

of carriers which suppresses the Auger mechanism that restricts performance of bulk

CMT; in addition, increased carrier effective masses reduce band-to-band tunnelling9.

The SLS system that has seen the most research is InAs/GaSb, due to its theorised

very low dark currents9 and increased carrier effective masses12. However, the system

is believed to suffer from decreased minority carrier lifetimes due to the presence of

anti-site defect centres in GaSb; furthermore, when molecular beam epitaxy (MBE) is

used for growth, the optimal SLS growth temperature also correlates with decreased

lifetimes in GaSb13. Interface engineering has also been a challenge12,14. As such, the

InAs/InAs1−xSbx superlattice has emerged as a potential Ga-free alternative, and has

already been shown to possess superior minority carrier lifetimes of about 400 ns at

77 K15, which compares favourably with those of LWIR InAs/GaSb superlattices, mea-

sured to be 31 ns at 77 K16.
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In addition, one of the narrow-bandgap device structures that have emerged as an alter-

native to the common photodiode is the so-called barrier detector17,18, of which the nBn

- which stands for n-doping/barrier/n-doping - is a variant. Here, both the n-doped

absorber and the n-doped contact layer are narrow-bandgap materials that surround a

wide-bandgap undoped barrier layer, whose role is to block the flow of electron ma-

jority carriers (which constitute dark current) by introducing a large conduction band

offset, while a minimised valence band offset ensures the passage of minority holes.

Unlike the p-n junction-based diode, the nBn eliminates the depletion region and so

suppresses the Shockley-Read-Hall (SRH) current mechanism that tends to limit the

diode performance18. A superlattice-based nBn detector is expected to combine this

SRH suppression mechanism with the Auger-limiting characteristic of a type-II SLS.

The aim of this CASE project, funded and supported in part by the technology company

Leonardo, is to understand and develop InAs/InAs1−xSbx nBn detectors for applica-

tions in the MWIR and LWIR absorption regimes. While these structures are routinely

grown on the native GaSb substrate, the work presented here is conducted with the goal

of extending it to growth on buffer layers deposited on the cheaper lattice-mismatched

GaAs substrates. Chapter 2 summarises the theoretical background necessary to design

high quality crystalline devices, to model and characterise their electronic band struc-

tures and to assess the performance of an nBn device. In Chapter 3, a review of the most

relevant MWIR and LWIR detector technologies is presented. Finally, Chapter 4 briefly

outlines the sample growth and characterisation methods, the device processing steps

and the optical and current measurement procedures. This is next followed by three

result Chapters. The design principles and the structural characterisation of samples

are presented in Chapter 5. The optical and absorptive characteristics of undoped SLS

are analysed and then modelled in Chapter 6. Finally, the dark current performance as

well as several figures of merit for the nBn detectors are presented in Chapter 7.
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Chapter 2

Background Theory

This Chapter is divided into two main parts: Section 2.1 introduces the most impor-

tant concepts related to understanding, designing and modelling InAs/InAs1−xSbx

strained-layer superlattices (SLS), and Section 2.2 outlines the current mechanisms and

figures of merit relevant to nBn devices.

Pseudomorphic growth is a key requirement for fabrication of high-quality crystalline

structures for detector purposes. Section 2.1.1 summarises the most important factors

affecting crystallinity of MBE-grown lattice-mismatched epilayers: strain, critical thick-

ness hc, and thermal expansion of lattice constants.

In order to be able to predict the optical properties of the superlattice and SLS-based

detectors, band structure modelling is introduced in Section 2.1.2. The Kronig-Penney

model is used to predict the shape and the position of carrier minibands within the

SLS structure. The heterojunction band alignment at the InAs/InAs1−xSbx interface

is discussed next, followed by a summary of different possible SLS band alignments.

Next, two different temperature dependence models of the bandgap Eg are discussed.

Because InAs1−xSbx is a ternary alloy material, the interpolation schemes of its param-

eters from InAs and InSb are explained. Finally, in order to relate the measured optical

characteristics of a sample to its band structure, the mechanisms of absorption, trans-

mission and reflection are outlined.

Relevant nBn device physics are summarised in the last section, starting with the gen-

eral properties of the nBn structure in Section 2.2.1, followed by the most relevant dark
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current mechanisms (Shockley-Read-Hall or SRH, and Auger) in Section 2.2.2. Respon-

sivity R and internal and external quantum efficiency QE are outlined in Section 2.2.3

and finally, in Section 2.2.4 it is shown how to combine dark current density (Jd) with

responsivity to obtain the specific detectivity D∗ of a device.

2.1 Modelling

2.1.1 Effects of strain

When one epilayer deposited on top of another one has a different native lattice con-

stant, this mismatch is initially accommodated by strain. Strain is a major design con-

sideration in any system where crystalline quality needs to be ensured in order to avoid

degradation of the system’s electronic properties. When strain due to lattice mismatch

exceeds certain critical limits, it can lead to a creation of defects and dislocations (most

notably threading dislocations) in the crystal, which in turn introduces additional en-

ergy states in the bandgap, promoting the flow of dark current19. In addition, strain has

non-negligible effect on a heterojunction’s band alignment: it splits otherwise degen-

erate heavy- and light-hole valence bands, and shifts all the bands upwards or down-

wards depending on whether the strain is compressive or tensile20,21.

The following analysis is valid only for {001} crystal orientations, as face-centred cubic

zinc blende (001) is the only configuration used in the systems considered in this work.

Effects of strain on epilayer lattice constant

Mismatched lattice (pseudomorphic) growth results in strain arising in both in-plane

(biaxial, x-y) and out-of-plane (uniaxial, z) directions, and which can be either com-

pressive or tensile. This has a twofold effect on the InAs/InAs1−xSbx system: first,

hydrostatic and shear strains induce additional band shifts at the heterojunction (see

Section 2.1.2); furthermore, it places practical limits on superlattice layer thicknesses,

total superlattice thickness as well as the dInAs and dInAsSb ratio. Biaxial ε‖ and uniaxial

strain ε⊥ can be parametrised by22
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ε‖ =
a‖
a
− 1

ε⊥ =
a⊥
a
− 1

(2.1)

where a refers to the unstrained lattice constant of the epitaxial material in question,

and, for thin layers grown on a substrate, a‖ = a0 is the lattice constant of the substrate.

Because of the strain tensor form for a {001} crystal (see Appendix A), a⊥ is obtained

from

a⊥ = a
[
(1− 2

c12

c11

( a0

a
− 1
)]

(2.2)

where c11 and c12 are elastic constants. The behaviour of a⊥ and a‖ in response to

strain due to a mismatched a0 can also be understood by referring to Figure 2.1.

FIGURE 2.1: Visual demonstration of the effect of the compressive and
tensile strain on epilayer constants due to growth on a substrate with a

native lattice constant (left), and a fully relaxed buffer layer (right).

Critical thickness

The other strain-related design consideration is the critical thickness of a single epitax-

ial layer. It has been shown that lattice mismatch of up to 7% will be accommodated
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by elastic strain until a certain thickness is reached23, beyond which it becomes ener-

getically favourable to relieve some of the strain through dislocations instead, which

compromises the electronic properties of the crystal. The Matthews-Blakeslee model

of critical thickness23 considers the balance of two mechanical forces on already exist-

ing dislocation lines - the force exerted by the strain due to lattice mismatch, and the

tension in the dislocation line. Beyond a certain value of the force due to misfit strain

(proportional to layer thickness) the dislocations move in a way that reduces strain and

damages interface coherence. The critical thickness at which this occurs is24

hc =
a0

[
ln
(√

2hc
a0

)
+ 1
] (

1− 1
4 ν
)

√
2π f (1 + ν)

(2.3)

where ν is the epilayer’s Poisson’s ratio equal to c12/(c11 + c12), and f is its strain

factor:

f =
|a0 − a|

1
2 (a0 + a)

(2.4)

In an alternative model People and Bean25 consider lowest energy density balance

instead of a mechanical one: their system is initially free of misfit dislocations, which

are created when the strain energy density exceeds the self-energy of a dislocation. As

one consequence of their approach, they conclude that the Matthews-Blakeslee model

underestimates hc below 1.4% lattice mismatch, and increasingly overestimates it be-

yond that value. Because the lattice mismatch in the systems discussed in this work

(InAs/InAs1−xSbx grown either on GaSb substrates, or on GaSb or AlSb buffer layers)

tend to stay well within or near the 1.4% mismatch limit (see Section 5.1), the Matthews-

Blakeslee model is employed at the design stage as a matter of caution.

Lattice constant thermal expansion

Just like any solid, InAs and InSb crystals are subject to linear expansion due to tem-

perature change. The zinc blende InAs linear expansion coefficient is26 4.52× 10−6 K−1,
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and that of InSb is27 5.37× 10−6 K−1. Together with their 300 K lattice constant values,

these coefficients translate into the following temperature dependencies28:

aInAs(T) = 6.0583 + 2.74× 10−5(T − 300)

aInSb(T) = 6.4794 + 3.48× 10−5(T − 300)
(2.5)

where a is the lattice constant in units of Å and T refers to temperature in K. The

InAs1−xSbx lattice constant is then obtained with linear interpolation using Vegard’s

law. The fact that the two lattice constants respond to temperature at different rates

(see Figure 5.2) has to be kept in mind when designing strain-balanced superlattices:

this will affect the critical thickness calculated using Equation 2.3.

In nBn devices barrier layers represent a complication for the balancing of the top con-

tact superlattice; additionally, pseudomorphic strain arising from lattice mismatch will

cause a valence band shift at the superlattice-barrier heterojunction, an important pa-

rameter for device optimisation. Temperature-dependent lattice constants for both the

substrate and constituent barrier binaries can be seen in Appendix A.

Vegard’s law

Vegard’s law is a well-established method of estimating physical parameters of alloys

from the parameters of their constituent materials, on the assumption of constant tem-

perature and the same crystal structure. For example, given the lattice constants aInAs

and aInSb at a certain temperature are known, the corresponding lattice constant of of

InAs1−xSbx can be linearly interpolated as

aInAsSb = xaInSb + (1− x)aInAs (2.6)

In the work presented here, the same linear treatment is also applied to the InAs1−xSbx

hydrostatic and shear deformation potentials av, ac and b. Other InAs1−xSbx param-

eters, notably the spin-orbit splitting parameter ∆0 and the bandgap, are additionally



Chapter 2. Background Theory 10

affected by non-linear bowing; for example, Eg at a given temperature is calculated

according to

Eg = xEg(InSb) + (1− x)Eg(InAs)− x(1− x)bg(T) (2.7)

where the bandgap bowing parameter bg(T) has an additional temperature depen-

dence calculated via Equation 2.31.

2.1.2 Band structure modelling

This section focuses on the theoretical underpinning of the band structure of a semi-

conductor, the derivation of relative band positions in a superlattice, and the different

band alignment types possible in an SLS.

Basics of the semiconductor band structure

Qualitatively speaking, a semiconductor is a material ’halfway’ between a conductor

and an insulator: the bandgap (or the energetic distance between the lowest point on

the conduction band and the highest point on the valence band) is non-negligible, but

small enough to promote thermally excited carriers from the valence band into the con-

duction band at temperatures above 0 K. A related property is the Fermi energy, EF,

defined as the energy level at 0 K below which all states are occupied and above which

all states are empty. Beyond 0 K Fermi energy is redefined as a ’chemical potential’ µ

whose value defines the probability of occupation equal to 0.5. Otherwise, the occupa-

tion of available states is determined by Fermi-Dirac probability distribution

f (ε) =
1

e
(

ε−µ
kBT

)
+ 1

(2.8)

where ε is the state energy and T is the temperature of the system. For an intrinsic

(undoped) semiconductor Fermi energy/chemical potential lies in the middle of the

bandgap, and can be shifted upwards (downwards) with an appropriate n-doping (p-

doping). Figure 2.2 gives some insight into the usefulness of using n-dopants to lift

µ towards the conduction band: because the majority of electrons are more likely to
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occupy the states under µ even at temperatures above 0 K, any mid-bandgap states due

to defects are filled and therefore unavailable for non-radiative recombination, which

contributes to noise in photodetectors.

FIGURE 2.2: The Fermi-Dirac distribution for an arbitrary semiconductor
at several temperatures.

Kronig-Penney model

When Fourier-transforming the primitive cell of a crystal from real space to reciprocal

(momentum) space, one derives the Brillouin zone of the crystal: a volume in the mo-

mentum space whose boundary defines all the values of electron wavevectors (k) that

can be Bragg-reflected by the crystal29. The actual form of carrier dispersion relation,

E(k), depends on the potential profile of the structure in question. Figure 2.3 shows

an example band structure for an InAs crystal30. The Γ point refers to the centre of the

zone (k=0), and the other letters refer to other points of interest on the face-centered

cubic cell. Because InAs is a direct semiconductor, the electron (red) dispersion relation

and the degenerate heavy and light holes (blue) have their minimum (maximum for

holes) at the same point Γ, resulting in a direct bandgap.

The Kronig-Penney model is suitable for calculating the band structure in the vicin-

ity of the Γ point, ie. k = 0, of a superlattice-like structure of periodic one-dimensional

square potentials (see Figure 2.4). The Schrödinger’s equation across the width d =
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FIGURE 2.3: The electronic band structure of bulk InAs in the first Bril-
louin zone. Figure from Kim et al30.

b + w (where b and w are the barrier and well widths as per Figure 2.4) of the superlat-

tice cell is29

Ψ =


Aeikwx + Be−ikwx for 0 ≤ x ≤ w

Cekbx + De−kbx for w ≤ x ≤ b
(2.9)

where kw and kb are wavevectors inside the well and the barrier respectively, x is

the distance along the superlattice growth axis and A, B, C and D are constants.

FIGURE 2.4: The one-dimensional array of finite square potential wells
that serves as a basis of the Kronig-Penney superlattice model.
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The wavevector of a carrier propagating normal to the barriers with height V0 is

kw =

√
2m*
h̄2 E (2.10)

when the carrier is located in the potential well, and for an electron or hole inside

the barrier

kb =

√
2m*
h̄2 (E−V0) (2.11)

where E is the energy of the carrier as measured from the bottom of their potential

well, m* is the effective mass and h̄ is the reduced Planck’s constant. ’Effective mass’ is

the mass of the carrier in the crystal modulated by the periodic potential of the crystal,

and here it is taken to be31:

m*e,InAs = 0.023m0 ; m*hh,InAs = 0.41m0 ; m*lh,InAs = 0.26m0 (2.12)

where m0 is the free electron mass. For InAs1−xSbx, the expressions (in terms of m0)

are32

m*e,InAsSb = 0.03− 0.01xAs + 0.025x2
As (2.13)

where xSb is the Sb fraction in the alloy. For the heavy holes it is32

m*hh,InAsSb = 0.4− 0.18xAs + 0.18x2
As (2.14)

and light holes31

m*lh,InAsSb = 0.026− 0.011xSb (2.15)

Just as in the case of quantum wells, continuity conditions at the well and barrier

boundary apply to the constants A, B, C and D (Equation 2.9). For an infinite super-

lattice, Bloch theorem also demands that the wavefunctions defined in Equation 2.9 in
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different superlattice cells must be the same except for a phase shift e−ikd, where k is the

Bloch wavevector defined over the first Brouillin zone, and d = w + b33. Shen et al34

use the 2× 2 transfer matrix method to derive the following dispersion relation for a

superlattice:

k =
1
d

arccos
(

Q
2

)
(2.16)

where, for a superlattice cell with M = 2 layers, Q is defined to be

Q =
M

∏
h=1

cos(khdh)−
M−1

∑
h=1
×

M

∑
j=h+1

(wh

wj
+

wj

wh

)
sin(khdh)sin(k jdj)×

M

∏
l( 6=h,j)=1

cos(kldl)


(2.17)

where h, j and l are integers and wi = ki/mi for the ith layer. The above is valid for

kb where E ≥ V0 (see Equation 2.11); when the carrier energy is below V0, kb = ik′b and

the following substitutions are made to the above equation:

sin(kbdb) = isinh(k′bdb)

cosh(kbdb) = cosh(k′bdb)
(2.18)

Heterojunction band alignments

If a superlattice structure is to be successfully integrated into a photodetector, it is crit-

ical to be able to predict and engineer its bandgap. When attempting to calculate the

relative band offsets of two separate bulk materials, one is faced with the problem of

forming a common reference level for the energy levels. Although there exist theoreti-

cal approaches to deriving a common reference point for all crystals, this work uses the

approach from Vurgaftman et al28, to define the position of all bands in the system with

respect to the valence band (VB) of InSb, where VBInSb is normalised to 0 eV.

Once a common band position reference point is established, band positions can be de-

fined. The starting point is the average unstrained valence band energy which is equal



Chapter 2. Background Theory 15

to22,35

Ev,av =
1
3
(Ehh + Elh + Eso) +

∆0

3
(2.19)

where the first three subscripts correspond to heavy holes, light holes and the spin-

orbit split-off band. Note that unlike all other InAs1−xSbx parameters, which are cal-

culated or otherwise derived, Ev,av,InAsSb is used as a free parameter in model fitting.

Spin-orbit interaction ∆0 arises due to the interaction of an electron’s spin with its own

motion around the nucleus. This effect splits Ehh and Elh upwards from the split-off

band Eso
35, and its value is added from experimental data28. Under conditions of no

strain, Ehh and Elh are degenerate.

Adding the temperature-dependent bandgap Eg(T) to Equation 2.19 results in the un-

strained conduction band position:

Ec = Ev,av +
∆0

3
+ Eg(T) (2.20)

where binary Eg(T) values are first defined according to Equation 2.29, and then

any ternary values are found using Equation 2.7.

The shift of the conduction and valence band edges under strain is parametrised with

deformation potentials. Hydrostatic deformation is the volume change of the crystal,

and its effect on the conduction and heavy hole valence band positions is such that35

(see Appendix A):

∆Ehy
c = ac(2ε‖ + ε⊥)

∆Ehy
v,av = av(2ε‖ + ε⊥)

(2.21)

Nonhydrostatic shear strain is the cause of relative changes of energies of differ-

ent electronic states in the system and leads to splitting of degenerate bands. Like the

hydrostatic strain component, this can also be described in terms of a deformation po-

tential. All three valence bands constituting Ev,av are affected differently, but in all cases
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the splitting arises from the interaction with ∆0. In a tetragonal (zinc-blende) (001) sys-

tem, the additional shifts are:

∆Esh
hh = −1

2
δEsh (2.22)

∆Esh
lh = −1

2
∆0 +

1
4

δEsh +
1
2

[
∆2

0 + ∆0δEsh +
9
4

(
δEsh

)2
]1/2

(2.23)

∆Esh
so = −1

2
∆0 +

1
4

δEsh − 1
2

[
∆2

0 + ∆0δEsh +
9
4

(
δEsh

)2
]1/2

(2.24)

where the shift δEsh is equal to

δEsh = 2b(ε⊥ − ε‖) (2.25)

where b is the deformation potential itself.

Collecting all the terms together: the positions of both the conduction and heavy hole

valence bands are defined with respect to the valence band of unstrained bulk InSb,

and are given by

Ev = Ev,av +
∆0

3︸ ︷︷ ︸
unstrained

+∆Ehy
v,av + max(∆Esh

hh, ∆Esh
lh ) (2.26)

whereas the conduction band position is

Ec = Ev,av +
∆0

3
+ Eg(T)︸ ︷︷ ︸

unstrained

+∆Ehy
c (2.27)

where the unstrained terms comprise of the average valence band energy Ev,av, spin-

orbit splitting ∆0 and the temperature-dependent bandgap Eg(T). Additionally, the

valence band position is subject to hydrostatic (hy) and shear (sh) strain; the conduction

band at Γ (the region under consideration) is subject only to the former one.
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Superlattice band alignment types

One of the proposed advantages of the InAs/InAs1−xSbx system as a candidate for

LWIR detectors is its tunable bandgap. But this could not be successfully implemented

without an appropriate type of superlattice band alignment present: in a type-I align-

ment, for example (see Figure 2.5), the band positions of the narrow-bandgap material

are located ’inside’ the bands of the wide-bandgap material, which leads to both elec-

tron and hole confinement within the same physical layer and as a result, the funda-

mental bandgap of the superlattice would approach that of bulk InAs1−xSbx. Another

alternative is referred to as type-II superlattice (T2SL), where the carriers are physi-

cally separated in the two layers. Two type-II alignments are possible: type-IIa, where

the holes are confined in wide-bandgap material and the electrons are in the narrow-

bandgap material, and type-IIb where the opposite is true. There also exists a variation

of type-II alignment called ’broken gap’, which arises when the relative valence band

offset (VBO) of the two materials is large enough to push the valence band of one ma-

terial above the conduction band of the other.

FIGURE 2.5: Possible superlattice band alignment types.
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The type of superlattice band alignment of InAs/InAs1−xSbx is strongly tied to the

nature of bandgap bowing bg in InAs1−xSbx, and (less importantly) epitaxial strain.

In general, calculated and observed narrowing of the InAs/InAs1−xSbx bandgap com-

pared to constituent bulk materials conclusively supports36,37,38,39,40 presence of type-II

alignment, and because the most recently reported large bowing parameters tend to

have a strong valence band bowing component (as discussed in Section 3.4.1), includ-

ing the one adopted for modelling in this work (Section 2.1.2), the result is a type-IIb

alignment with strong heavy hole confinement in the alloy41,40,36. Type-I alignment is

expected from Sb fractions lower than any discussed in this work42, and is generally

suppressed by epitaxial strain and lack of ordering in the alloy38.

Bandgap temperature dependence

Group III-V semiconductors all demonstrate a decrease in bandgap with increasing

temperature due to decreased binding energy between constituent atoms, as well as

electron-phonon interaction. The relation most widely used to predict this behaviour is

the empirically-derived Varshni fit:

Eg(T) = E0 −
αT2

β + T
(2.28)

where E0 is the 0 K bandgap of the material, T is temperature in K and α and β are

fitting parameters loosely corresponding to gap entropy at T → ∞ and to Debye tem-

perature respectively43. Varshni equation, however, is first and foremost an empirical

fit to experimental results without a strong theoretical underpinning; it also predicts a

quadratic relation at very low temperatures, contradicting existing data42,44,45.

One proposed alternative to the Varshni relation is the Einstein single-oscillator model42,46,

which has the form

Eg(T) = E0 −
SgkTE

exp(TE/T)− 1
(2.29)
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where TE = hωph/k is the Einstein temperature of the solid, related to the aver-

age oscillation frequency of the phonons ωph. 1
2 TE denotes the onset of the flat low-

temperature region. Sg is a dimensionless coupling parameter and k is the Boltzmann

constant; their product Sgk describes the bandgap reduction rate in the high-temperature

region. Finally, the product 1
2 SgkTE is the bandgap reduction due to the zero-point mo-

tion of the lattice42. This model has consistently been found to predict the low (T . 50K)

temperature bandgaps more accurately42,44,46 in that it predicts them to be relatively

temperature-independent.

InAs1−xSbx band bowing

While linear interpolation is a correct and sufficient approach for a number of alloy

parameters (see Section 2.1.1), the bandgap of most ternary zinc-blende structures is

calculated using an additional quadratic term (see Equation 2.7). bg can be defined to

be

bg = bCB − bVB (2.30)

where bCB and bVB stand for conduction band and valence band bowing parameters

respectively. The bg value most commonly reported28,47,48 in literature is 670 meV for

fully relaxed bulk InAs1−xSbx. Svensson et al49, however, propose an increased value of

870 meV based on low-temperature photoluminescence studies of InAs1−xSbx carried

out by Yen et al48 and Kurtz et al50, as well as their own. Webster et al42 goes further in

proposing a temperature-dependent double-oscillator model for bg(T):

bg(T) = b0 −
S1kT1

exp(T1/T)− 1
+

S2kT2

exp(T2/T)− 1
(2.31)

where the corresponding parameters can be seen in Table 2.1. No physical explana-

tion, however, is offered for this approach.

For the case of the InAs/InAs1−xSbx system in particular, the value of bVB is of

crucial importance as it determines the heavy hole ground-state bandgap. A number of



Chapter 2. Background Theory 20

TABLE 2.1: Double-oscillator model parameters for InAs and
InAs1−xSbx

42.

b0 (meV) S1 T1 (K) S2 T2 (K)
InAs1−xSbx 938 22.98 115.8 18.80 275.6

studies have reported on the spread of bg between the conduction and valence bands,

a summary of which is presented in Section 3.4.1.

2.1.3 Absorption coefficient, transmission and reflection

In order to calculate internal quantum efficiency (see Section 2.2.3) it is necessary to be

able to calculate surface reflection from as well as transmission of the sample. Both of

these calculations first require obtaining the absorption coefficient of the superlattice.

The absorption coefficient α of a material is defined in the context of the light intensity

I, which is absorbed as it travels through thickness x and undergoes multiple internal

reflections due to reflectivity Rs:

I
I0

=
(1− Rs)2exp(−αx)
1− R2

s exp(−2αx)
(2.32)

where I0 is the normal incident intensity51,52. Defined in the above way, the left-

hand side of the equation is equivalent to the transmittance of the sample.

The air-superlattice interface dominates the amount of total reflection due to the relative

differences in the refractive indices of the two media, and is calculated using

Rs =
(1− nSLS)

2 + k2
SLS

(1 + nSLS)2 + k2
SLS

(2.33)

where the extinction coefficient kSLS is derived from the absorption coefficient αSLS

of the superlattice using the relation

kSLS =
λαSLS

4π
(2.34)

where λ is the light wavelength. nSLS is the effective refractive index of the super-

lattice according to53
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n2
SLS =

n2
w + n2

b
1 + r

(2.35)

where nw is the refractive index of the electron well (InAs), nb that of the barrier

(InAs1−xSbx) and r = nw/nb. The InAs refractive index spectrum was taken from Re-

fractive Index Database54, while the InAs1−xSbx spectrum was extrapolated from the

calculated spectra found in Paskov et al55 depending on the Sb content of the sample. It

is important to point out that in order for Equation 2.33 to be polarisation-independent,

the incoming light must be at normal incidence.

Absorption processes near the band edge

In a perfectly crystalline intrinsic semiconductor, the lowest allowed energy transition

would correspond to the energetic distance between the bottom of the parabolic con-

duction band and the top of the valence band. The behaviour of the absorption coef-

ficient αg at the onset of this optical gap depends on whether the material is direct or

indirect, and can be described by56,57

αg ∝


(hν− Eg)

1/2 for a direct bandgap

(hν−Eg+Eph)
2

exp(Eph/(kT))−1 +
(hν−Eg−Eph)

2

1−exp(Eph/(kT)) for an indirect bandgap
(2.36)

where Eph is the energy of the phonon that assists in the transition between the in-

direct minima of the bands, while the temperature term emerges due to the phonons’

dependence on lattice vibrations. Both phonons with +Eph (phonon absorption) and

−Eph (phonon emission) can assist in the transition, which is reflected in the numera-

tors of the two terms of the indirect αg equation. It must be noted these relationships

assume parabolicity of the bands, which is a sufficient approximation near band min-

ima of a superlattice40,58 as per Equations 2.10 and 2.11, but should not be assumed

for the higher-energy regions of the bands. A simplified visual illustration of the αg

behaviour as a function of photon energy hν, devised for an arbitrary semiconductor

with a fixed bandgap of 0.20 eV and a phonon energy of 0.01 eV, can be seen in Figure
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2.6. Although the example is highly artificial, the temperature dependence of the mag-

nitude of indirect αg is evident, as well as the different functional forms of the direct

and indirect regimes.

FIGURE 2.6: The idealised behaviour of the absorption coefficient αg near
the band edges of the conduction and valence bands of a semiconductor
with Eg = 0.20 eV and Eph = 0.01 eV. The solid lines show the hν and
the temperature difference of an indirect material, and the dashed line

corresponds to a direct one.

In the case of a real material, the periodicity of conduction and valence bands is

perturbed by the introduction of impurities and their associated energy levels. Their

presence results in a mostly localised ’tail’ of states that can extend below the mini-

mum of the band, and whose nature depends on the type of the impurity in question.

First, introducing dopants results in additional states near the edge of the relevant band

that, for a sufficiently high doping density, will broaden into an impurity band. Any

Coulomb interaction between an ionised donor/acceptor and carriers in the bands will

also perturb the bands. In the case more relevant to the low-doped structures discussed

in this work, dislocations and their relevant states will also contribute to absorption by

broadening both bands. Finally, localised accommodation of strain and stress due to

impurities will decrease the optical bandgap in the case of the former (eg. due to va-

cancies), and increase it for the latter (eg. due to interstitials), essentially shifting the

parabolic bands to various energies. The sum of these perturbations acts to broaden the

band edges of the material51,57.
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The contribution of these near-band states to absorption manifests itself as the so-called

Urbach tail, a region of non-zero α in the spectrum just below the onset of band-to-band

absorption. This sub-bandgap absorption αU rises exponentially with photon energy

such that46,59

1
EU

=
dln(αU)

dhν
(2.37)

where EU is the the characteristic width of the absorption edge (Urbach energy).

2.2 Device physics

This section details the principles of operation of a superlattice nBn structure, its rel-

evant dark current mechanisms and several figures of merit used to characterise IR

photodetectors.

2.2.1 nBn structure

The nBn device structure is a type of a unipolar barrier detector - so called because the

inbuilt wide-bandgap barrier impedes the flow of majority carriers while permitting the

passage of the minority carrier photocurrent. A number of different barrier structures

have been proposed in literature18, however nBn is by far the most common one17. In

this variant, compared in Figure 2.7 to a conventional photodiode, both the narrow-

bandgap contact and absorber layers are n-doped, while the wide-bandgap barrier is

intrinsic.

The main engineering requirement for the barrier is minimised or no valence band

offset at barrier interfaces; in addition, the conduction band offset must be large enough

to suppress thermal excitation of electrons above it, and thick enough to prevent tun-

nelling (50-100 nm)60. A well-designed barrier, when located away from the absorption

region and near the minority current collector, suppresses majority carrier dark currents

and the surface current, while allowing minority carrier photocurrent to pass through61.

Blockage of surface current is particularly useful from a processing point of view - the
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FIGURE 2.7: Photodiode (left) and nBn (right) structures under nega-
tive bias. Some idealised types of current generation processes are rep-

resented for both structures. Figure adapted from Martyniuk et al17.

presence of barrier essentially acts as a passivation layer62. Unlike a photodiode, an

ideal nBn device has no space charge region, and so Shockley-Read-Hall generation in

response to bias does not occur. Auger-induced diffusion currents, however, are not

naturally suppressed by the structure61, but it is a feature that can be achieved by in-

corporating a superlattice into the contact and absorber layers.

2.2.2 Dark current mechanisms

Any current component inside a photodetector material that is not due to photon ab-

sorption impedes its performance, and is referred to as a dark (or leakage) current.

Dark currents can occur due to a number of physical processes and considerable effort

is spent on limiting their occurrence in semiconductor devices. Below are described the

current mechanisms most relevant to an nBn detector.

Shockley-Read-Hall generation

Generation-recombination of carriers that is enabled by deep traps embedded in the

material bandgap is referred to as a Shockley-Read Hall (SRH) current. The occurrence



Chapter 2. Background Theory 25

of SRH generation/recombination under reverse bias is a design flaw inherent in pho-

todiodes due to the presence of a depletion region where the Fermi level is located in

the middle of the bandgap, which facilitates carrier flow in the inbuilt electric field18,63

and makes this mode of recombination dominant. The SRH current is directly propor-

tional to intrinsic carrier density ni according to

JSRH ∝ ni ∝ Tre
−Etr

kT (2.38)

where ni is the intrinsic carrier concentration, Etr is the deep trap energy level, T is

the temperature and r is a factor related to Moss-Burstein energy64.

Unlike a p-n junction, an ideal nBn detector is proposed to have no SRH element due

to two design factors: the effective lack of depletion zones in the structure18,17,60, and

the shift of the Fermi level above the midgap states due to n-doping of the absorber65,

which helps fill these states according to Equation 2.8. In such a structure, the total cur-

rent would instead be diffusion-limited. Figure 2.8 demonstrates the difference in cur-

rent characteristics between a conventional diode and an ideal nBn structure: the SRH

current, which has a weaker temperature dependence than the diffusion current, dom-

inates at lower temperature values, while the diffusion component becomes dominant

beyond a certain ’crossover’ temperature T0. However, without the SRH component,

the total dark current continues dropping in accordance with the diffusion temperature

dependence, which offers an advantage over conventional diodes.

Auger mechanisms

The diffusion current in an ideal nBn device is primarily due to the band-to-band Auger

1 generation-recombination process66. The Auger mechanism is a three-particle pro-

cess wherein a particle in conduction/valence band recombines with a particle in the

valence/conduction band, but the energy emitted during recombination is transferred

as a phonon to another particle in either conduction or valence band, which promotes

it to a higher energy level. As such, it is a non-radiative process. The classification of a

particular Auger mechanism depends on which carriers are involved at each stage; the
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FIGURE 2.8: A model Arrhenius plot for a diode and an XBn structure
(including nBn). In an ideal nBn device no Shockley-Read-Hall gener-
ation takes place at lower temperatures, and the dark current density

keeps falling according to ∼ Eg. Figure from Klipstein et al18.

Auger 1 variant, which can be seen in Figure 2.9, consists of an electron transferring its

energy to another electron as it recombines with a heavy hole.

FIGURE 2.9: Auger mechanisms. Auger 1: an electron in the conduction
band transfers its energy to another electron, promoting it to a higher
band, then recombines with a hole. This process is dominant in an ideal
bulk nBn structure. Auger S: an electron recombines with a heavy hole,
followed by an energy transfer to and a promotion of a carrier from
the spin split-off band to the heavy-hole band. This mechanism is sup-
pressed by large ∆so. Auger 7: an electron recombines with a heavy hole,
with the resultant energy transferred to a light hole, subsequently pro-
moted to the heavy hole band. This process can be minimised by strain.

Diagram adapted from Rogalski et al67.
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This variant is dominant in narrow-bandgap nBn structures due to their n-doping,

and also the fact that their spin-orbit splitting energy ∆so tends to be much larger than

the bandgap Eg, which suppresses the so-called Auger S mechanism67. The diffusion

current density due to Auger generation rate is proportional to18

Jdi f f ∝ n2
i ∝ Tre

−Edi f f
kT (2.39)

where Edi f f is roughly equal to the bandgap Eg due to the band-to-band nature of

the transition. It is important to point out, however, that a significant proposed advan-

tage of type-II strained-layer superlattices is that they naturally suppress both Auger 1

and 7 mechanisms. The suppression of Auger 1 arises when the width of the electron

miniband is smaller than the bandgap, which makes the maximum allowed energy

transfer too small for the transition to proceed68,6. Suppression of Auger 7 relies on the

presence of strain in the superlattice, which shifts the light- and heavy-hole bands away

from each other and so increases the energy threshold for allowed transitions69.

Figure 2.8 is a theoretical example of the so-called Arrhenius plot, where the total cur-

rent density in a device is plotted in a logarithmic form as a function of 1000/T. Fitting

the equations 2.38 and 2.39 to various sections of the resultant graph can give insight

into the dominant current mechanism of the device in a given temperature range.

2.2.3 Responsivity, internal and external quantum efficiency

Responsivity and quantum efficiency are important figures of merit used to characterise

the performance of a photodetector. External quantum efficiency describes a device’s

ability to convert incident photons into useful electric signal, and is defined as the ratio

of the two:

ηe =
number of generated electron-hole pairs

number of incident photons
=

Ip

P0

hc
λq

(2.40)

where Ip is the photocurrent, P0 is the incident optical power, q is electron charge

and λ is the incident photon wavelength. The magnitude of the photocurrent is strongly
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modulated by the geometry of the device, including (but not limited to) the use of

double-pass architecture and the reflection Rs at the surface of the detector. Accounting

for Rs using Equation 2.33 yields internal quantum efficiency:

ηi =
number of generated electron-hole pairs
number of photons entering the absorber

=
1

(1− Rs)

Ip

P0λ

hc
q

=
ηe

(1− Rs)
(2.41)

In addition, not all radiation entering the active region is absorbed, due to the fi-

nite width of the layer and the dependence of the absorption coefficient on the photon

wavelength (Equation 2.32). As such, further dividing ηi by e−αw (where α is the ab-

sorption coefficient at given wavelength λ, and w is the absorber thickness) results in

the generated photocurrent that reaches out the readout electronics as a fraction of the

total photocurrent generated in the absorber volume.

Responsivity (spectral response) is a figure of merit that is directly related to quantum

efficiency, and is defined as

R = ηe
qλ

hc
(2.42)

with units of AW−1. As such, it is fundamentally defined as the ratio of photocur-

rent reaching the read-out electronics and incident optical power.

2.2.4 Relevant noise types and specific detectivity

A useful figure of merit in photodetector technology is detectivity D, which is funda-

mentally defined as the reciprocal of noise-equivalent power: the minimum incident

power required to lift the resultant signal above the noise floor of the device. This can

be cast in terms of detector responsivity R and root mean square of the noise current

< In >33 as

D = 1/NEP = R/
√
< I2

n > (2.43)
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The above definition, however, incorporates area dependence of the device and so

in order to allow for direct comparisons between different-sized detectors, specific (ie.

normalised) detectivity D∗ is defined such that

D∗ = D× (Ad∆ f )1/2 =
R√

< I2
n >

(Ad∆ f )1/2 (2.44)

where Ad is the area of the device and ∆ f is the output bandwidth of the circuit,

here normalised to 1 Hz. Noise current In is a composite value of the total of the noise

components in the detector, and in an ideal nBn structure it can be approximated as the

root mean square of the sum of the thermal noise IT and the so-called shot noise Ish,

such that

√
< I2

n > =
√
< I2

T > + < I2
sh > (2.45)

Thermal noise of a resistor Rd arises due to the fundamentally random thermal fluc-

tuation of carriers in the material. For circuit frequencies much lower than the term kbT/h

(which can be assumed to be the case for all devices in this work) the mean squared

value of thermal current is

< I2
T >≈ 4kbT

Rdyn
∆ f (2.46)

where Rdyn is the dynamic resistance of the device, defined as dV/dI.

Shot noise of a device is a consequence of the particle nature of charge carriers. The

collection of a DC current IDC by external circuitry can be considered a series of inde-

pendent random events (ie. carrier arrivals) with a fixed mean - ie. a Poisson distribu-

tion. For a large enough number of events, Poisson distribution approaches Gaussian

distribution, and so the standard deviation of the current becomes the square root of

the average DC current. The shot noise is thus defined

< I2
sh >= 2qIDC∆ f (2.47)
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where the factor of 2 arises from the derivation of the spectral density function in

terms of frequency33,62.

It is important to note that the R0A product, related to shot noise in photodiodes and so

commonly used to characterise their dark current performance, is not an appropriate

figure of merit for nBn detectors since their zero-bias resistance shows little correlation

with defect density66. Because of this, dark current-related performance reported in

this work is characterised using Arrhenius fits and detectivity instead.
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Chapter 3

Literature Review

This chapter summarises general trends in medium- (3-5 µm) and long-wavelength

(8-14 µm) infrared detector technology, beginning with a short summary of thermal

detectors. Photon detection is achieved with the use of semiconductors, which can be

broadly divided into group II-VI, IV-VI and III-V materials, and whose relationship

between the optical bandgap and the crystalline lattice constant is presented in Figure

3.1.

FIGURE 3.1: The bandgap of various III-V binaries (grey dots) as a func-
tion of their lattice constant. HgTe and CdTe belong to the II-VI group.
The lines correspond to their ternary alloys including any band bowing.

Data adapted from Walters et al70 and Rogalski et al7.
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Special consideration is given to the II-VI HgCdTe technology which currently dom-

inates the infrared detection field6. Because InAs/InAs1−xSbx is a III-V group system,

bulk materials from the same group that are the most relevant for MWIR and LWIR de-

tection purposes are also introduced. A brief history of the strained-layer superlattice

(SLS) structure is outlined and special attention is given to the III-V InAs/GaSb type-

II superlattice (T2SL), which has so far received the most attention as an SLS detector

material10. The InAs/InAs1−xSbx superlattice has been proposed as a direct alternative

to InAs/GaSb and its progress as detector material is outlined. Finally, the progress and

status of the nBn structure is summarised, with special attention given to structures in-

corporating the Ga-free superlattice.

FIGURE 3.2: Specific detectivity (D∗) of various commercially available
infrared detection technologies as a function of photon wavelength. Fig-

ure from Rogalski et al62.
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3.1 Thermal detectors

Detection technologies for infrared light date back to the 19th century. The very first IR

detectors were thermal - relying on heating effects rather than detection of radiation -

and consisted of structures such as thermopiles71, exploiting the thermoelectric effect,

followed by the earliest bolometers, wherein absorption of thermal radiation causes

change in the absorber’s electrical resistance. Since then, thermal detector technology

has developed mostly around these two physical phenomena as well as the pyroelec-

tric effect5, which exploits the spontaneous electrical polarisation (and the resultant

voltage) of certain crystals in response to a temperature gradient. Because thermally

induced processes show no (or very little) wavelength dependence, signal quality is

generally flat across the absorption spectrum and instead is primarily driven by the

magnitude of temperature change in response to incident flux intensity5. It is due to this

primary mechanism that thermal detectors are much slower than photon ones, charac-

terised by responses measured in milliseconds as well as low detectivity, especially at

higher frequencies72. Despite these limitations, however, thermal detectors have found

widespread use in applications where low cost, simple design and room temperature

operation are more important than high speed performance and signal quality; in ad-

dition, more recent developments in 2D array technology have seen improvements to

some of their figures of merit5.

3.2 Group IV-VI: lead salts

The development of intrinsic lead salt (eg. sulphide and selenide) single-element de-

tectors in the first half of the 20th century signalled the ascent of IR photon detector

technology. These photoconductive systems, whose wavelength range has eventually

been extended to 1-7 µm73, with corresponding D∗ values of up to∼ 1012 cmHz1/2W−1

in the SWIR region (Figure 3.2), have nevertheless suffered from several drawbacks,

such as poor uniformity of photoresponse and significant 1/ f noise74, although they

also offer the advantage of low cost, simple design and high-T background-limited
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performance73. Theoretical understanding of lead salt structures73 as well as improved

manufacturing methods of linear arrays aimed at addressing performance issues74 con-

tinue to be developed.

3.3 Group II-VI: HgCdTe (CMT)

The HgCdTe (cadmium-mercury-telluride, or CMT) material was first manufactured in

the late 1950’s and was the first intrinsic, direct-bandgap alloy with a highly tunable

wavelength of 0.7-25 µm (see Figure 3.1), spanning all useful atmospheric windows8

(see Figure 1.2). Because of its considerable advantages over other technologies avail-

able at time, the CMT system has seen major investment ever since and has evolved

into the most widespread and best-performing IR technology in the industry7,75.

General properties

The alloy has a number of favourable properties that directly arise from its zinc-blende

structure, such as the aforementioned extremely tunable direct bandgap, the resultant

sharp onset of the absorption coefficient above Eg (see Figure 3.3), and Auger-limited

dark current behaviour that leads to high operating temperatures7. HgCdTe photo-

diodes demonstrate background-limited (BLIP) operation at temperatures higher than

other materials and structures7. In addition, unlike the lead salt systems, the CMT

alloy does not suffer from large thermal expansion coefficients (which would compro-

mise crystal quality) and has a moderately low relative permittivity ε8. The effect of the

latter means that HgCdTe has an average index of refraction, as well as competitively

short integration times and low junction capacitances compared to other materials10.

Compared to most other IR-sensitive alloys, the bandgap of HgCdTe shows remarkable

sensitivity to the lattice constant (as can be seen when comparing group III-V alloys to

HgCdTe in Figure 3.1): a change in a of about 0.3% (at a given T) is sufficient to shift the

cut-off wavelength from SWIR to the VLWIR regime. Because HgTe is semi-metallic (ie.

its valence band is marginally elevated above the conduction band), in theory the CMT
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bandgap can be arbitrarily small, however this has not been significantly exploited be-

yond 25 µm8. The electron mobility of CMT is a function of composition and tempera-

ture, and behaves favourably when compared to other detector materials. The minority

carrier lifetime τ due to different mechanisms in HgCdTe is doping- and temperature-

dependent, but is generally of the order of 10−6 to 10−5 s, with typical τSRH > 5 µs

and τSRH > 30 µs reported respectively for LWIR and MWIR n-doped high quality

HgCdTe6.

The absorption coefficient α of a number of samples spanning the SWIR-LWIR range

collated by Li et al76 can be seen in Figure 3.3. Although there is some evidence of

sub-bandgap absorption due to tail in density of states77, the overall behaviour and

magnitude of αHgCdTe is typical of direct narrow-bandgap semiconductors.

FIGURE 3.3: HgCdTe absorption coefficients as a function of xCd at T =
300 K (data adapted from Li et al76).

Jd and Rule 07

High-quality intrinsic CMT material is naturally diffusion-limited with the Auger 1

and 7 mechanisms responsible for the recombination-generation processes. Because of

the extensive development of CMT manufacturing and growth techniques, CMT de-

tectors have become a benchmark for dark current (Jd) performance, and in order to

enable convenient comparison of a given detector technology to that of CMT, Tennant
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et al78 have derived the so-called Rule 07: a heuristic dependence of the Auger-limited

diffusion current in a high-quality n-doped (∼ 1015 cm−3) HgCdTe on its cut-off wave-

length λcut−o f f and temperature. The fit was empirically derived from state-of-the-art

Teledyne process evaluation chip (PEC) diodes and focal plane arrays (FPA) and has

since been adopted as a popular reference for dark current performance62,79. This Jd is

calculated using

Jd = J0exp
(

C
1.24q
kλeT

)
(3.1)

where fit parameters (here rounded to 4 s.f.) are J0 = 8367 Acm−2 and C = −1.163.

λe is conditional such that

λe =


λcut−o f f for λcut−o f f ≥ λthreshold

λcut−o f f

1−(λscale/λcut−o f f−λscale/λthreshold)P for λcut−o f f < λthreshold

(3.2)

where the second condition is specifically set up to fine-tune the fit below λthreshold =

4.635 µm, with λscale = 0.201 µm and P = 0.5441 being additional fit parameters. Since

its implementation, Rule 07 was reviewed by its author in 2010 in comparison to other

extant HgCdTe technologies as well as Sb-based superlattices and nBn detectors, and

concluded that it remains a robust performance benchmark80.

Manufacturing and devices

Because of the stringent uniformity requirements, high-quality HgCdTe materials are

necessarily manufactured using epitaxial methods, that is molecular beam epitaxy (MBE),

metal-organic vapour phase epitaxy (MOVPE) and liquid phase epitaxy (LPE)6,5, with

the latter two being generally preferred for industrial growth10. The substrate of choice

is the lattice-matched CdZnTe81, however high costs, thermal incompatibility with the

Si ROIC, and upscaling difficulties present challenges. Growth on Si, CdTe and sap-

phire has been reported7 however dislocation density remains an obstacle for LWIR

applications6.
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A photodiode (p-n junction) remains the main structure of choice for all CMT appli-

cations, and is compatible with both frontside and backside-illuminated focal plane

arrays (FPAs). As can be appreciated from Figure 3.2, HgCdTe detectors tend to have

detectivities approaching ideal performance; quantum efficiencies can reach 90% with-

out anti-reflective coating8. Surface currents are suppressed by a combination of in-

ternal electric fields and appropriate passivation techniques, and junction tunnelling is

controlled with appropriately low base (absorber) doping. In the highest-quality CMT

p-n junctions at operating temperatures (77 and 200 K) the defect-induced SRH currents

were considered all but eliminated two decades ago7 thanks to progress in processing

technologies, with dark current performance limited by Auger 1 diffusion and radiative

recombination, the former of which is further suppressed in wider-bandgap SWIR and

MWIR structures. However, under certain other conditions (eg. unoptimised doping,

sub-77 K operation, metallurgical defects or high bias), non-fundamental current mech-

anisms such as trap-assisted and band-to-band tunnelling still emerge as the dominant

current components6,7.

Challenges

Despite its dominant position in the industry and very well established theory, the

HgCdTe technology faces several limitations and hurdles for which other materials and

systems have been proposed as solutions.

From a commercial standpoint, perhaps the most important challenge arises from the

implementation of the United Nations’ 2013 Minamata Convention, which seeks to re-

strict and eventually eliminate the toxic element Hg from industrial and commercial

use, and of which the European Union is one of the signatories. Corresponding EU-

level legislation has since been drafted and put into force in January 201811, increasing

the attractiveness of non-Hg-based technologies for long-term investment, especially

for non-military applications.

From a manufacturing point of view, one of the main difficulties is a side-effect of the
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otherwise highly advantageous bandgap tunability - because the bandgap shows ex-

tremely strong dependence on the lattice constant and therefore on xCd (see Figure 3.1),

composition control becomes much more crucial as the cut-off wavelengths progress

from MWIR to LWIR and VLWIR. As shown by Rogalski7, a xCd ± 0.2% variation re-

sults in a cut-off uncertainty of 0.023 µm for SWIR applications, and increases to 0.51

µm for LWIR; this poses an issue both for the uniformity of large area LWIR FPAs and

any potential multi-colour devices10,7. Also, as mentioned before, the upscaling of FPAs

is impeded by the large mismatch in thermal coefficients between the most commonly

used CdZnTe substrate and the Si read-out circuits, which results in structural fatigue

following multiple thermal cycles7.

3.4 Group III-V

Group III-V semiconductors are a broad group of materials that present a number of

potential alternatives to HgCdTe. A useful general property lies in the covalent nature

of their atomic bonds5,40,62, which are stronger than the ionic bonds characteristic of

group II-VI, making group III-V materials more structurally robust17.

3.4.1 Bulk InSb, InAs1−xSbx detectors

InSb

The narrow-bandgap InSb was one of the first III-V binaries to be developed in the

1950’s for IR detection purposes5. InSb is an inherently MWIR material with a maxi-

mum response in the region of 5.0 µm at the standard operational temperature of ∼ 80

K72,82,83; photovoltaic (PV) diodes achieve a D∗ of about 1011 cmHz1/2W−1 (as per Fig-

ure 3.2). The most popular method of InSb photodiode fabrication involves bulk n-type

single-crystal wafers where a p-n junction is further created by ion implantation. This

process results in a large (when compared to epitaxy) density of dislocations, making

the best currently available InSb photodiodes SRH-limited62. In an effort to eliminate

the implantation-induced damage, work has been done to demonstrate the viability of



Chapter 3. Literature Review 39

MBE-grown InSb p-n junctions resulting in a factor of 17 decrease in Jd at the opera-

tional temperature84.

InAs1−xSbx

InAs1−xSbx is a direct-bandgap zinc-blende material with the smallest possible bandgap

of all bulk III-V semiconductors62, as can be seen in Figure 3.1. When examining the be-

haviour of InAs1−xSbx and HgCdTe on the same graph, it can be appreciated that InAs

and InSb have much closer bandgap values than HgTe and CdTe, with the practical

consequence that the InAs1−xSbx bandgap is far less sensitive to material composition

and non-uniformity, making it an attractive alloy from the manufacturing standpoint.

As explained in Section 2.1.2, compound alloys experience atomic displacement and

bond angle relaxation which is not present in their constituent binaries and which has

a non-negligible effect on bandgap energy85; as a result, simple linear interpolation is

insufficient to calculate a compound bandgap and an additional band bowing param-

eter bg is needed, as per Equation 2.7. The accepted value of bg for InAs1−xSbx has

evolved since the early reports of 0.58-0.60 eV, eventually understood to be underes-

timated due to a linear extrapolation of data taken only above 100 K28. Theoretical

considerations have led to a value of 0.7 eV, recommended by Rogalski et al86 derived

using a k.p model, while a pseudopotential calculation by Wei et al38 finds 0.65 eV,

attributing most of the bowing to CB and using EVB,InAs = −0.50 eV, a value that is

generally no longer in use28,40,42,68. Experimental results by Fang et al47 obtained from

10 K photoluminescence on a varied xSb sample series find bg = 0.67 eV, but also note

that a room temperature optical absorption measurement carried out by Stringfellow et

al87 was lower, about 0.6 eV. Elies et al88 make a more explicit report of a temperature

dependence of bowing parameters based on PL analysis. Other works similar to Fang

from the period28 put the overall range as bg = 0.64− 0.69 eV, which has resulted in Vur-

gaftman et al28 recommending bg = 0.67 eV as a composite value. This value, however,

has since continued to creep upwards in a number of reports; Razeghi et al89 reports

77 K bandgaps derived from photoconductive spectra that are consistently lower than
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the theoretical prediction. Lin et al90 fit the bandgaps of a series of xSb = 0.2− 0.46

PL samples grown on GaSb substrates with bg = 0.87 eV. Svensson et al49 extracted

bg = 0.83 eV from PL data reported by Yen et al48, and presented evidence that the

samples analysed by Lin et al are free from bandgap-reducing phase separation effects,

supporting Lin’s findings. This atomic ordering effect has been shown to decrease the

overall bandgap of the alloy38; also, band filling effects and unaccounted-for residual

strain and relaxation effects in the earlier reported samples could have contributed to

the bg spread, before lattice-matching and strain-relieving buffer layers were taken into

account62. Webster et al42 presented a temperature-dependent double-oscillator model

to describe bg(T) between 4 and 300 K, derived based on PL data for a lattice-matched

InAs0.91Sb0.09 structure and explicitly related it to its valence and conduction band posi-

tions with respect to Ev,InSb = 0 eV, which is why it is incorporated into the superlattice

band alignment model used in this work, as discussed in Section 2.1.2.

From a technological standpoint, InAs1−xSbx-based detectors suffer a number of set-

backs. The same weak dependence on lattice constant that makes the bandgap re-

sistant to variation in composition also means that lattice-matching InAs1−xSbx to a

commercially viable substrate is not trivial. The cheap Si and GaAs substrates cannot

be matched at any xSb, while GaSb is naturally lattice-matched at xSb = 0.09, with

the resultant bandgap of 325 meV at 77 K, or about λcut−o f f ≈ 4 µm. The emergence

of ternary substrates such as InGaSb and AlInSb could alleviate this issue62,91, how-

ever these are not yet commercially available. Nevertheless, a number of photodiode

devices have been demonstrated. One of the most significant developments was the

broadband MWIR InAs1−xSbx homojunction diode grown on GaSb using liquid phase

epitaxy (LPE), as reported by Bubulac et al92, with R0A ∼ 109 Ωcm2 at 77 K (indicat-

ing low dark currents), and external quantum efficiency of ∼ 65%. Other architectures

have been introduced since, such as 3-5 µm p-i-n diodes, where the narrow-bandgap

InAs1−xSbx absorber is ’sandwiched’ between heavily doped wide-bandgap materials;

Remennyy et al93 report a D∗ ∼ 2× 1011 cmHz1/2W−1 at room temperature. A series

of InAsSbP/InAs0.9Sb0.1 double-heterojunction photodiodes were also LPE-grown by



Chapter 3. Literature Review 41

Brunkov et al94, resulting in negligible leakage currents at T > 190 K and D∗ varying

between 6× 1011 and 8× 108 cmHz1/2W−1 at 77 and 300 K correspondingly. Away from

p-n junction variants, incorporation of InAs1−xSbx into the so-called nBn structure has

also generated interest, and is further discussed in Section 2.2.1.

3.4.2 Strained-layer superlattices

Superlattices were first proposed in 1970 by Esaki and Tsu95 as a one-dimensional pe-

riodic potential with a period shorter than the electron mean free path, which they

predicted would result in the division of the dispersion relation into a number of for-

bidden gaps and minibands. They proposed this periodic potential could be created

with varied doping or heterostructures. Type-II (see Figure 2.5 for SLS band alignment

types) In1−xGaxAs/GaSb1−yAsy superlattices with their highly tunable band structure

were proposed a few years later96, closely followed by the InAs/GaSb system whose

bandgap was tunable via layer thicknesses rather than composition97. The realisation

of strained-layer (rather than lattice-matched) superlattices expanded their potential

applications to lattice-mismatched material configurations: strain up to 7% could be

accommodated so long as the layers were kept under critical thickness hc, and for super-

lattices grown beyond hc appropriate strain-relieving buffer layers could be employed21.

An HgTe/CdTe superlattice (so-called type III) was also proposed98, with the associ-

ated advantages of shorter tunnelling wavelength when compared to bulk HgCdTe

(suppressing junction tunnelling in p-n diodes), a bandgap less sensitive to growth

variations due to its dependence on layer thickness and not composition, and reduced

cross-plane diffusion currents due to larger effective carrier masses. Nevertheless, the

system still faces several drawbacks: high interdiffusion coefficient of HgTe could be

an issue at temperatures required for high-T device processing steps, such as passiva-

tion; a critical thickness of ∼ 80 nm when grown on CdZnTe; and the large effective

masses in HgTe, imposing constraints on layer thicknesses required to sustain carrier

transport6. Instead, type-II antimonides have emerged as the most promising super-

lattice systems6,10,62, of which InAs/GaSb is currently the most ubiquitous6,62, while
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InAs/InAs1−xSbx is expected to hold a number of advantages as its development pro-

gresses.

InAs/GaSb strained-layer superlattices

The potential of the type-II superlattice as an IR detector structure was already recog-

nised in the the 1970’s. The InAs/InGaSb system originally generated a lot of interest40,62,

however it has also faced hurdles in the form of critical thickness limitations due to

strain in the ternary, numerous growth and processing challenges7 such as difficulty

of controlling the In fraction, and poor carrier lifetime and quantum efficiency62, and

so since the 2000’s this led to increased interest in the binary system instead9,10. The

InAs/GaSb system is an example of a ’broken gap’ band alignment: the valence band

of GaSb lies above the conduction band of InAs, while the physical carrier confinement

in separate layers is achieved by modulating the superlattice period, and hence the

carrier minibands (see Figure 3.4).

FIGURE 3.4: Left: the type-II ’broken gap’ band structure of the
InAs/GaSb superlattice. The orange and the blue lines denote funda-
mental carrier miniband positions and Eg is the corresponding transition
energy. Right: the dependence of this transition energy on the superlat-

tice period. Figure from Rutz et al3.

The naturally small resultant bandgaps (as well as theoretically suppressed dark

currents) lend themselves well to LWIR applications, and it is λ = 8.3 and 15.5 µm

where most of the research has concentrated10. LWIR p-i-n photodiodes at 8.0 µm
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have been demonstrated eg. by Mohseni et al99, who utilised AlSb barrier layers to

achieve a peak responsivity of ∼ 1.2 A/W and thermally limited detectivity of ∼ 1011

cmHz1/2W−1 at 80 K; a very similar structure (but without AlSb) was shown by the

same author100 to achieve D∗ ∼ 108 cmHz1/2W−1 at room temperature, with the R0A

product two orders of magnitude higher than that of equivalent HgCdTe. High wafer

uniformity and LN2-cooled LWIR performance are desirable properties for large FPAs

used in space applications; to that end, Plis et al101 implemented a PbIbN architecture

resulting in R = 1.8 A/W at V = −0.25 V, Jd = 1.2 mA/cm2 and a QE of 23%. In the

same publication, a dual-colour (5 and 10 µm) pBp detector is demonstrated at 77 K

with QE of 39 and 17% respectively.

FIGURE 3.5: Dual-colour (4/5 µm) image from an InAs/GaSb SLS cam-
era, identifying a CO2 leak. Image from Rutz et al3.

Tuning the InAs/GaSb bandgap for MWIR applications requires increasingly thin-

ner periods, which can cause interface degradation: Haugan et al102 show that as the

period thickness of MBE-grown superlattices reduces from 50 to 17 Å, the FWHM of

PL peaks increases and TEM shows more poorly defined interfaces. Nevertheless, de-

velopment of single-pixel devices followed the LWIR work, resulting in photodiodes

with λcut−o f f = 5.3 µm and D∗ ∼ 1013 cmHz1/2W−1 at 77 K103, and room-temperature

MWIR devices with D∗ ∼ 109, R ∼ 1 A/W and 25% QE. Proof-of-concept dual-colour

MWIR-MWIR CO2 cameras with stacked architecture have also been demonstrated3; a
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resultant image with a characteristic CO2 trace can be seen in Figure 3.5.

A comprehensive comparison of LWIR InAs/GaSb-based devices at 77 K found in lit-

erature to Rule 07 discussed in Section 3.3 was carried out by Rhiger79, who extracted

dark current densities of non-barrier structures from their R0A figures, and adopted

the operational bias Jd of the barrier structures. This summary can be seen in Figure

3.6. The reduction in Jd in barrier structures is evident, and a testament to their current-

suppressing properties. A convergence of the experimental data with Rule 07 is also

observed at higher λcut−o f f ; the author proposes that this is due to the Auger diffusion

current (which varies as ∝ n2
i ) becoming dominant at lower bandgap values (since the

SRH current varies as ∝ ni).

FIGURE 3.6: Dark current density of barrier and non-barrier InAs/GaSb
T2SL devices found in literature, compared to Rule 07. Data collated by

and adapted from Rhiger79.

Challenges

Although the InAs/GaSb T2SL system is projected to match and even exceed the per-

formance of bulk HgCdTe79, in reality there are a number of issues still to be addressed.

As can be appreciated in Figure 3.6, both barrier and non-barrier architectures suffer

from elevated dark currents, especially when approaching the MWIR regime, which

indicates presence of a non-negligible trap-assisted SRH component. According to Plis
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et al9, the physical origin of this current can be understood in the context of the defect

formation energy of native defects in both InAs and GaSb: Walukiewicz104 showed that

the participation of native defects in creating free carriers depends on the position of

the so-called Fermi level stabilisation energy with respect to the Fermi level. This en-

ergy level is then shown to lie just above the conduction band in InAs, but in GaSb and

GaAs its position is near the valence band to midgap - enabling these states to act as

recombination centres. Connelly et al105 confirm this proposition by carrying out time-

resolved photoluminescence on a series of InAs/InGaSb superlattices, and establishing

a presence of a native trap state in InGaSb located below the intrinsic Fermi level of the

superlattice and 60±15 meV above the valence band maximum. This has direct impli-

cations for carrier lifetime in the InAs/GaSb T2SL.

Svensson et al13 carried out an extensive investigation of InAs and GaSb minority car-

rier lifetimes by examining the following factors: the interface density, the substrate

growth temperature for both binaries and the T2SL, and interface engineering. The

first is shown to have no significant effect on the carrier lifetime, contrary to the expec-

tation that the crystal quality would degrade the most at interfaces, as seen in Figure

3.7; instead, slight lifetime degradation is observed with increased GaSb thicknesses,

suggesting that the recombination centres are located in the bulk material instead.

FIGURE 3.7: The effect of InAs/GaSb interface density on carrier lifetime
τ and residual strain in the superlattice. Figure adapted from Svensson

et al13.
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The investigation of bulk lifetimes as a function of growth temperature (Figure 3.8

top graph) supports this assertion: τInAs is about 3 times higher (typical lifetimes of the

MWIR and LWIR InAs/GaSb structures are included for comparison). By using XRD

FWHM as a figure of merit for the test superlattices, optimal growth temperature range

is also idenfitied (Figure 3.8 bottom graph), the significance of which lying in the fact

that this range does not align with the optimal binary growth temperature, represented

in the graph by the dotted area.

FIGURE 3.8: [The effect of substrate growth temperature on, top: the
minority carrier lifetime in bulk InAs and bulk GaSb (with typical SLS
lifetimes included as reference); bottom: the XRD FWHM of InAs/GaSb
superlattice 0th order peaks. The dotted area represents optimal binary

growth temperatures. Figure adapted from (Svensson).

Based on these findings, the authors conclude that native defects in GaSb are likely

to be the primary mediator of SRH current (InAs is considered less likely due to the

insensitivity of τInAs to whether it is grown with As2 or As4), causing the low minor-

ity carrier lifetimes observed in InAs/GaSb superlattices, ranging from 0.13106 to about
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100 ns at 77 K16. Photodiodes featuring InSb-based interface engineering have recently

pushed this value up to 157 ns (at 6 K)107, demonstrating the relevance of interface en-

gineering for this system as discussed below.

Because T2LS in general relies on spatial carrier separation for its dark current perfor-

mance, high quality interfaces are needed to prevent trap-assisted tunnelling12. Seeing

that a total change in composition occurs at the InAs/GaSb interface, eliminating inter-

facial disorder in MBE growth is a non-trivial task and a lot of work has been dedicated

to optimising the growth procedure, primarily with the goal of creating InSb and GaAs

interfaces. Thibado et al14 distinguish between roughness (variations in topography at

the interface, such as islands and pits) and intermixing (like diffusion and exchange

reactions), and use scanning tunnelling microscopy to study MBE-grown superlattice

to conclude that surface roughness (especially on the Sb-terminated GaAs interface)

causes the most disorder; they note, however, that their results are at odds with other

reports, and that this is likely due to different growth conditions. This primary de-

pendence of InAs/GaSb interface quality on specific growth parameters (rather than

more fundamental principles) is a recurring observation in literature9,13,102, a situation

additionally complicated by the fact that engineered interfaces in the InAs/GaSb su-

perlattice are also used to manage strain108 and therefore Auger suppresion9.

InAs/InAs1−xSbx strained-layer superlattices

The first Ga-free III-V superlattice to be proposed in the 1980’s was InAs0.40Sb0.60/InAs1−xSbx,

as a LWIR alternative to bulk HgCdTe with a longer cut-off wavelength than bulk

InAs1−xSbx
109. InSb/InAs1−xSbx superlattices were also demonstrated, exhibiting LWIR

type-II behaviour; however, although both photoconductive and photovoltaic devices

were implemented, interest was eventually shifted to the InAs/InGaSb system due to

its smaller period thickness required to reach LWIR, and the resultant increased wave-

function overlap needed for enhanced absorption40. Strain-balancing also presented a

challenge5.

The first InAs/InAs1−xSbx superlattices were grown by MOCVD and MBE in the 1990’s40,
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reporting lower PL peak energies than that of bulk InAs1−xSbx. Zhang et al110 demon-

strated the viability of xSb = 0.09 structures grown on InAs for use in midwave (∼ 3.4

µm) infrared lasers; light-emitting diodes grown on mismatched GaAs substrates were

shown to operate at room temperature at emission wavelengths up to 10 µm111. A

proposition to utilise the superlattice as an IR detector was made by Zhang et al112.

Advantages

The typical advantages expected from T2SL superlattices in general are also present

in InAs/InAs1−xSbx. Suppression of Auger 1 and 7 mechanisms (the former of which

limits the performance of CMT) arises naturally from the band structure type as dis-

cussed in Section 2.2.2. Just like type-III superlattices discussed in Section 3.4.2, T2SL

also demonstrates higher than bulk (including HgCdTe) effective carrier masses in the

growth direction, lowering band-to-band tunnelling currents6,75. Because the funda-

mental transition in T2SL occurs between the conduction band of material 1 and the

valence band of material 2, the bandgap is independent of the bulk band structure of

either and can be more easily engineered. InAs/InAs1−xSbx also does not suffer from

the same interdiffusion issues as HgTe/CdTe6,62,75 (see Section 3.4.2), and can be strain-

balanced on the widely available GaSb substrate.

The interest in the InAs/InAs1−xSbx system as an alternative to InAs/GaSb arose largely

in response to the limited minority carrier lifetimes originating in the GaSb layers, as

discussed in Section 3.4.2. This is an intrinsic property of the Ga-containing alloys due

to the presence of a mid-gap trap level105. In contrast, pressure-dependent photolu-

minescence measurement of InAs/InAs0.86Sb0.14 has provided evidence for a native

defect level located 180±10 meV above the InAs conduction band113, effectively dis-

abling it as a centre for SRH recombination. Multiple minority carrier lifetime mea-

surements of InAs/InAs1−xSbx confirm this in practice (here, the total carrier lifetime

is τ−1 = τ−1
SRH + τ−1

rad + τ−1
Auger, where the subscripts refer to the corresponding mecha-

nism). Steenbergen et al15 carried out time-resolved photoluminescence (TRPL) mea-

surements of a LWIR InAs/InAs0.72Sb0.28 superlattice to find a maximum lifetime of
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412 ns at 77 K (a combination of both τrad and τSRH), an order of magnitude increase

over comparable InAs/InGaSb structures at the time, and even bulk InAs due to T2SL

suppression of radiative recombination. The mechanisms dominating τ in a MWIR su-

perlattice were also studied by Hoglund et al114 who observed an increase in lifetime

from 1.8 to a maximum 2.8 µs between 77 and 200 K, pointing to radiative recombina-

tion; beyond 200 K, τ decreases due to the Auger mechanism. The same author also re-

ported on lifetime dependence on carrier concentration in the superlattice, observing a

decrease in τ from 3.6 to 1 µs between 2× 1015 and 4.4× 1015 cm−3 at 77 K, while associ-

ated temperature-dependent measurements confirmed once again the mostly radiative

nature of the process115. Lin et al116 studied the effect of p-doping on τ in LWIR super-

lattices at 77 K: an undoped SLS resulted in a lifetime of 450 ns , np = 6× 1016 cm−3

yielded 45 ns and 3× 1017 cm−3 resulted in 8 ns. It is also noted that an InAs/GaSb

SLS structure with a similar bandgap reaches a lifetime of 45 ns at a doping of 1× 1016

cm−3, which means that in addition to intrinsically higher carrier lifetimes, Ga-free su-

perlattices can be doped to higher concentrations without as significant degradation of

τ.

While the natural enhancement of τ is the primary source of interest in InAs/InAs1−xSbx,

other practical advantages are also proposed. The Ga-free T2SL does not require com-

plicated interface engineering steps in order to manage strain or interface disorder,

which simplifies growth (while most of the III-V SLS growth has occurred via MBE,

Huang et al117 demonstrated that high-quality InAs/InAs1−xSbx is simpler to grow via

MOCVD as well). InAs/InAs1−xSbx can also be more readily strain-balanced on GaSb

through simple variation of the monolayer number ratio of the constituent materials

(as can be appreciated from Figure 3.1), eliminating the need for strain-relieving layers.

Finally, since Eg is primarily determined by xSb, the choice of dSLS is not constrained

by the required cut-off wavelength and can be decided on other merits instead, as dis-

cussed further in Section 5.1.
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Challenges

While the carrier lifetime results for InAs/InAs1−xSbx are promising, the system also

has some drawbacks when compared to InAs/GaSb. Because the band offsets in the

former are much smaller while the effective carrier masses of the two are comparable,

this could potentially lead to larger tunnelling currents62. The absorption coefficient

α near the bandgap is generally projected and observed to be lower than that of an

InAs/GaSb detector for the same cut-off wavelength, due to a thinner ternary layer

where the hole confinement occurs, leading to a lower wavefunction overlap. Grein et

al69 use the k.p model to consider ’ideal’ InAs/InAs1−xSbx and InAs/InGaSb detectors

for LWIR applications, and find a near-bandgap α of 1500 and 2000 cm−1 respectively;

Klipstein et al118 simulated barrier architecture devices with λcut−o f f = 10 µm incor-

porating both superlattices to find consistently lower quantum efficiencies due to the

same factor. One way of improving the absorption performance of a superlattice is to

increase the ratio of the hole well thickness to dSLS
119; this ratio is normally constrained

by strain-balancing considerations, and would require a different substrate to GaSb.

Otherwise, the more feasible path to improving detectivity of InAs/InAs1−xSbx-based

devices lies in minimising dark currents instead.

InAs/InAs1−xSbx photodiodes

Compared to InAs/GaSb-based devices, incorporation of InAs/InAs1−xSbx into pho-

todiode architecture has seen less interest. A MWIR InAs/InAs0.65Sb0.35 diode with

λ50% = 5.4 µm was demonstrated by Schuler-Sandy et al41, grown on a GaSb substrate

with doping densities of 4×1018 cm−3. The peak responsivity, reported at 77 K and -10

mV, was 0.64 A/W, corresponding to a QE of about 20%; dark current density mea-

sured under the same conditions was 2.1×10−4 Acm−2, which the authors note to be

higher than the best MWIR InAs/GaSb-based p-i-n diodes at the time. Very low activa-

tion energies were found at all temperatures, despite the expected advantage of higher

carrier lifetimes. In general, the authors propose that the poorer Jd performance could
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be explained by lower than InAs/GaSb band offsets, leading to tunnelling currents (al-

though it is worth noting that at 14 ML/12 ML thickness ratio of the constituent layers,

the superlattice is not strain-balanced for xSb = 0.35).

A VLWIR InAs/InAs0.59Sb0.41 photodiode was presented in 2014 by Hoang et al120, fea-

turing a lightly p-doped active region (∼1015 cm−3) with a 35 ML/12 ML thickness

ratio, resulting in λ50% = 14.6 µm at 77 K. Maximum responsivity was achieved at -150

mV, saturating at 4.8 A/W which corresponded to a QE of 46%. With a dark current

density of 0.06 - 0.7 A cm−2 for -50 and -300 mV bias respectively, the D∗ value was

reported to be 1.4×1010 cmHz1/2W−1. Above 50 K the device exhibited an activation

energy of ∼ 1/2Eg, indicating SRH-limited behaviour.

3.5 nBn detectors

Ever since the viability of the nBn detector structure was demonstrated in 2006 by Mai-

mon and Wicks60 using an InAs absorber layer, efforts have been made to incorporate

it into viable MWIR and LWIR detectors. nBn devices incorporating lattice-matched

MWIR InAs1−xSbx absorber and an 0.5 µm AlAsSb barrier, experimentally demon-

strated by Klipstein et al64, showed diffusion-limited current behaviour at biases below

-0.2 V and above the lowest resolvable temperature of 150 K. At 150 K, Jd was 8× 10−8 A

cm−2 for a sample with a doping of 1.5×1017 cm−3; a sample with 4×1015 cm−3 doping

density had a comparable Jd of ∼10−7 A cm−2, and the corresponding responsivities

varied between ∼0.7 and 1 A/W. Based on these findings, the authors went on to in-

corporate InAsSb nBnn architecture into ’Kinglet’, a commercialised 640×512 4.2 µm

focal plane array with an operational temperature of 150 K121.

The InAs/GaSb superlattice structure was first incorporated into an nBn by Rodriguez

et al122, who reported room temperature D∗ of 109 cmHz1/2W−1 and a QE of 18% for

a cut-off wavelength of 4.5 µm, a value comparable to state-of-the-art InAs/GaSb p-

i-n diodes at the time. Kim et al123 demonstrated an InAs/GaSb 320×256 MWIR fo-

cal plane array operating at 77 K and bias of 0.7 V, with QE approaching 50% near
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λcut−o f f ∼ 4.2 µm and a D∗ of ∼ 6 × 1011 cmHz1/2W−1. The authors note that de-

spite lack of passivation treatment, the performance of their camera approaches state-

of-the-art MWIR photodiodes that incorporate a passivation layer. This self-passivating

behaviour of the nBn is more explicitly demonstrated by Bishop et al124, who consider

two InAs/GaSb nBn structures: one with the absorber exposed via wet etching, and one

with a mesa etch terminating at the barrier, and show that the latter structure demon-

strates dark current densities lower by two orders of magnitude.

The nBn structure is also believed to be advantageous for HgCdTe material growth, by

eliminating issues associated with p-type doping7. Both modelling125 and experimental

work126, however, have indicated presence of a large valence band offset at the barrier

interface arising due to iodine diffusion from the surrounding layers into the barrier125,

necessitating high operational bias voltages and resulting in activation of trap-assisted

and band-to-band tunnelling currents which impede the overall performance. A possi-

ble solution, which lies in p-doping the barrier, is currently under investigation17.

3.5.1 InAs/InAs1−xSbx nBn devices

nBn devices incorporating both MWIR and LWIR InAs/InAs1−xSbx have been devised.

In 2012 Kim et al127 demonstrated the first LWIR InAs/InAs62Sb0.38 nBn equipped with

an InAs/Al0.80Ga0.20As0.03Sb0.97 T2SL barrier. The absorber layer had a superlattice

period of 13.9 nm/4.5 nm, and was only unintentionally doped. The device was char-

acterised at 77 K with λ50% = 13.2 µm, with a responsivity of 0.24 A/W and D∗ ∼ 108

cmHz1/2W−1, under -0.3 V bias and at 12 µm. Together with Jd ∼ 5× 10−4 Acm−2, this

combined to a QE of 2.5%. The authors note that the dark current performance is actu-

ally better than Rule 07, but that the device’s limited optical performance still needed

improvement.

In 2014, Haddaddi et al128 reported an InAs/Inas0.45Sb0.55 structure with a modified

barrier design wherein the T2SL is repeated within the barrier, but an additional thin

layer of AlAs is inserted in the middle of each InAs layer, raising the effective conduc-

tion band. The monolayer ratio for the SLS was 28/7 and the barrier thickness was 500
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nm; two samples with dabsorber = 2 and 6 µm were grown, with an absorber doping of

1016 cm−3. Optical measurements, carried out at 77 K and -90 mV, revealed λ50% = 10

µm, and peak QE (at 8 µm) of 54% for the thick absorber (corresponding to 3.47 A/W re-

sponsivity) and half that for the thinner one. Specific detectivity (calculated using shot

noise only) resulted in 2.8×1011 cmHz1/2W−1. The corresponding Jd was 4.4×10−4 A

cm−2. A year later, the authors reported extending this structure into a dual-colour de-

vice, where the top contact was replaced with a low-Sb MWIR absorber layer129, with

performance comparable to the best reported InAs/GaSb T2SL dual-colour detectors.

FIGURE 3.9: Responsivity, peak quantum efficiency and dark current
density of MWIR InAs/InAs1−xSbx single-element nBn detectors by

Teledyne Judson Technologies. Figures from Kim et al130.

Recently, Teledyne Judson Technologies have proposed large-scale front-side illumi-

nated discrete MWIR detectors based on InAs/InAs0.6Sb0.40 superlattices130, showing

λ50% ∼ 5.5 µm at the (operational) room temperature. The demonstration devices were

grown on GaSb substrates using the same monolayer number for both materials. Two
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detector sizes were manufactured, 0.25 and 1 mm; the former was measured to have

Jd ∼ 1.48 Acm−2, and the latter demonstrated 1.17 Acm−2 at -0.3 V bias; diffusion-

limited behaviour was achieved for temperatures above 120 K, with band-to-band tun-

nelling or surface leakage current dominating below that. With anti-reflection coating

applied to the structures, their QE was reported as 72% derived from the peak respon-

sivity (at 4.24 µm) of 2.47 A/W and corresponding to D∗ ∼ 1.9× 109 cmHz1/2W−1 at

room temperature (see Figure 3.9). The authors conclude that while the optical perfor-

mance is good, the high dark currents should be minimised with further optimisation

of passivation and device structure.

3.6 Summary

Historically, effective detection of light in the infrared spectrum has been mostly achieved

with the use of the II-VI extrinsic semiconductor HgCdTe alloy, which became the ma-

terial of choice in the 1970s after a period of competition with lead salt systems due

to its favourable thermal expansion coefficient, better SRH lifetimes and lower RC

constants62. In addition, HgCdTe is a ternary system with a band structure charac-

terised by a direct, highly tunable bandgap spanning SWIR to VLWIR regimes and

high absorption coefficients, while its carrier recombination mechanisms are Auger-

limited and allow for high operating temperatures. The limitations of HgCdTe systems

stem from technological rather than fundamental disadvantages. The weak ionic Hg-

Te bond causes structural instabilities in the bulk crystal, poor interface control due to

high interdiffusion and a decrease in uniformity and yield in larger arrays7. Because

its fundamental bandgap is extremely sensitive to the alloy composition (as per Figure

3.1), small growth variations can further compromise wafer uniformity, especially in

the LWIR and VLWIR regimes. Thermal compatibility with silicon ROIC also presents

a challenge for the LWIR technologies. Finally, a major legal challenge emerges in the

form of the United Nations 2013 Minamata Convention, which seeks to restrict and

eliminate mercury from non-military applications11.
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In contrast to II-VI, III-V semiconductor crystals are characterised by the stronger cova-

lent bonds leading to improved material robustness as well as finer interface and sur-

face control enabling the use of heterostructures. Also, because of the considerable yield

and pixel outage issues in HgCdTe focal plane arrays (caused by the aforementioned

structural problems) which significantly increase their manufacturing costs, III-V-based

IR detectors are projected to be cheaper81. The group of III-V materials suitable for

MWIR to VLWIR detection is broadly termed antimonides, as the InSb and InAs1−xSbx

are the binary and ternary alloys with the lowest optical bandgaps, where the latter can

achieve LWIR operation. A manufacturing advantage of InAs1−xSbx is that its bandgap

demonstrates a markedly lower (when compared to HgCdTe) sensitivity to the lattice

constant, improving the optical uniformity of the wafer. A corollary to this, however, is

that bulk InAs1−xSbx for LWIR applications presents a strain-balancing challenge due

to a lack of suitable substrates beyond GaSb.

A strained-layer superlattice is a quantum heterostructure that addresses the strain-

balancing issue (as strain is moderated by layer thicknesses) as well as a number of oth-

ers. A type-II superlattice features physical carrier separation, leading to suppression

of the Auger process (the natural limit of HgCdTe); increased carrier effective mass lim-

iting band-to-band tunnelling; and tunable bandgaps independent of the bulk bandgap

values. InAs/GaSb is a system that has generated interest due to its expected low dark

currents and increased carrier effective masses; however, it has also encountered a fun-

damental hurdle in the form of low carrier lifetimes arising due to intrinsic defects in

GaSb, as well as complex growth issues. The Ga-free superlattice InAs/InAs1−xSbx has

been proposed as an alternative that simplifies interface engineering in MBE growth,

and has also shown to possess increased carrier lifetimes thanks to elimination of the

Ga-related defect centre.

The proposed benefits of the superlattice can be further extended by incorporating it

into the nBn (n-doped-barrier-n-doped) structure. The unipolar architecture of the nBn
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eliminates the depletion region intrinsic to the diode structure, resulting in suppres-

sion of the Shockley-Read-Hall recombination mechanism. In addition, the majority-

electron barrier further acts as a natural passivation layer by blocking both the electron

dark current from the contact layer and across the mesa surface. Combined with Auger

suppression, this approach could help close the gap between the dark current perfor-

mance of III-V systems and HgCdTe79. Because HgCdTe has, over the years, achieved

excellent optical and device performance, in order to capitalise on the proposed ad-

vantages of III-V materials in general and InAs/InAs1−xSbx nBn’s in particular, their

figures of merit (such as quantum efficiency, responsivity and dark current density) are

still in need of improvement.
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Chapter 4

Experimental Methods

The samples presented in this work were fabricated, processed and characterised al-

most entirely in-house. All fabrication proceeds with the use of molecular beam epitaxy,

outlined in Section 4.1. X-ray diffraction measurements are then carried out in order to

assess the structure and quality of the epitaxial layers (Section 4.2.1); in addition, two

selected samples (XV0161 and XV0208) were imaged with transmission electron mi-

croscopy by Richard Beanland from University of Warwick (Section 4.2.2). Absorption

properties of undoped superlattices grown on semi-insulating GaAs substrates were

obtained using Fourier Transform Infrared spectroscopy above 77 K as outlined in Sec-

tion 4.3, and photoluminescence measurements at 4 K (Section 4.4). Before the nBn sam-

ples can be characterised, they are first processed into a series of devices using standard

cleanroom procedures as described in Section 4.5. Three characterisation methods are

then used on the finished samples: a Fourier Transform Infrared spectrometer is em-

ployed to measure spectral response (Section 4.6.1), a simple blackbody source setup is

used to obtain quantum efficiency (Section 4.6.2), and the dark current characteristics

are obtained on a cryogenic probe station (Section 4.6.3).

4.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is a method of material growth characterised by its

advanced level of control over growth conditions and the resultant material structure.

Its use of ultra-high vacuum (UHV) environment and precisely controlled molecular
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beam fluxes allow to control layer thickness and composition to a precision of several

Å, which is orders of magnitude lower than methods such as liquid phase or vapour-

phase epitaxy; and to produce very sharp material interfaces, with low background

doping levels, at growth temperatures generally lower than other epitaxy methods131.

All these factors are advantageous or necessary in epitaxial growth of superlattices due

to their strict requirement for repeated thin layers with clearly defined interfaces.

The samples described in this work were grown in-house using VG V80-H and Veeco

GENxplore MBE reactors, with all but one sample having been grown in the latter ma-

chine. As such, the description of the MBE process in this chapter will mostly be based

on the Veeco system. It has a standard stainless steel structure comprising three cham-

bers (separated by secure gate valves) that increase in vacuum quality: the loadlock,

used for loading, initial outgassing, and unloading the substrates; the buffer chamber,

used for further outgassing and wafer storage, typically held at∼ 10−10 mbar in its rest

state by an ion pump; and the UHV growth chamber, with a base pressure of ∼ 10−11

mbar.

FIGURE 4.1: The mean free path of a nitrogen molecule
as a function of background pressure. Figure from

Rinaldi132.

The UHV conditions in MBE

machines are required for two

primary reasons: first, it is neces-

sary to ensure that the mean free

path of molecules is larger than

the distance from the cell to the

wafer, as defined by the geom-

etry of the chamber (see Figure

4.1).

Secondly, it is necessary to avoid

incorporation of contaminants

into the wafer by ensuring that the source material deposition time is many orders

of magnitude shorter than that of background vapour132. Combining these two factors

results in typical growth chamber pressure of ∼ 10−11 to ∼ 10−9 mbar. Pumping is
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provided by ion pumps and a cryogenic pump; a cryogenic panel is also filled with liq-

uid nitrogen during operation in order to act as particle trap for remaining background

gases, and to thermally isolate the source cells.

One of the advantages of the MBE technology is that growth can be monitored in real

time using a Reflection High-Energy Electron Diffraction (RHEED) system built into

the growth chamber. In RHEED, a high-energy electron beam is emitted at a glancing

angle towards the surface of the wafer, and its reflection is then incident upon a fluo-

rescent screen. The condition for Bragg diffraction is fulfilled for a wafer surface with

a periodic atom arrangement whose lattice constant is smaller than the wavelength of

the electrons. This gives rise to a ’streak’ pattern on the screen (see Figure 4.2) and

indicates good crystallinity and smoothness of the layer being grown (the so-called

Frank-van der Merwe growth). On the other hand, a spotty pattern indicates a rough

(3D) surface for example due to cluster (Volmer-Weber) growth, relaxation, or faceting

on the surface and is not a desired outcome for superlattices. It is, however, character-

istic of oxide desorption in preparation for growth.

The type of crystal forming the topmost layer can be gauged from the so-called recon-

struction. The crystal surface acts as a diffraction grating and so carries information

about the reciprocal space structure of the surface (however, this is not equivalent to

the k-space of the material because atomic bonds between surface atoms form under

different energetic conditions to those inside bulk). For example, a 2× 4 reconstruction

pattern is characteristic of GaAs and InAs, 1× 3 can be observed for GaSb and 2× 3 for

InAs1−xSbx. The 2× 3 characteristic of InAs1−xSbx growth can be seen in Fig 4.2.

As mentioned before, wafer preparation starts in the loadlock, where four quartz-

lamp heaters are run at 200◦C to remove contaminants introduced into the chamber

and onto the wafer. The next step is to load the wafer into the heated station (using

a hand-cranked lead screw for vertical movement and a magnetically coupled transfer

arm for the horizontal axis), located in the buffer chamber, for further outgassing at 200-

300◦C. A good rule of thumb for GaAs and GaSb wafers (established by observing the

ambient pressure in the buffer chamber while outgassing) is that it takes about 30-60
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FIGURE 4.2: Example RHEED patterns obtained at various stages of
growth.

minutes to outgas the wafers to a satisfactory level. Once the sample is ready for growth

it is mounted on a sample holder in the growth chamber, which is typically rotated at

15 rpm to ensure uniform material deposition. The holder is made of molybdenum,

which has a high melting point and a very low outgassing rate, and can accept wafers

up to 3" in diameter. The final preparation step is thermal desorption of the wafer (ie.

removal of the thin layer of oxide that forms on the wafer in contact with atmosphere)

by briefly heating the substrate and observing a transition to a clear spot pattern on

the RHEED screen, which indicates oxide removal from the surface. The samples in

this work were grown almost exclusively on 1/4 n-GaSb and semi-insulating as well as

n-GaAs substrates, for which actual desorption temperatures were as follows: 540◦C

for GaSb wafers, and 580◦C for both semi-insulating and n-doped GaAs, with setpoint

temperatures implemented using calibration methods described further in this Section.

Solid source materials are stored in and thermally evaporated from crucibles inside ef-

fusion cells, arranged opposite the wafer holder (see Figure 4.3). For group III elements

(Ga, In, Al) and the n-dopant material GaTe, flux (and therefore growth speed) is de-

termined by cell temperature, while group V sources (As4, Sb4) are kept at constant

temperature and instead the position of the valve is varied. However, the As4 molecule
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has a low sticking coefficient of 0.5 or less, while that of the dimer As2 approaches 1131;

also, growth conducted with As4 has been associated with a larger occurrence of deep

electron traps in n-GaAs133. Because of this, a separately heated valved cracker is in-

stalled on both the arsenic and antimony cells, resulting in As2 and Sb2 beams. Layer

thicknesses are controlled using shutters with low actuation time located in front of the

cells. It is worth noting that the action of opening and closing a shutter can cause ther-

mal transients on the group III material surface, due to the shutter acting as a reflector

for thermal radiation, which in turn can affect superlattice growth rates due to their

very short periods (however, it is unlikely to be an issue for group V materials, as they

are thermally isolated from the shutters by their heated cracker zones).

The substrate itself is heated with the use of a radiation heater located above the wafer

holder. The thermal output of the heater can be estimated with the use of a thermo-

couple, which is permanently bonded to a reference substrate located on its other side,

albeit these setpoint readings are likely be offset from the real substrate temperature. As

such, two additional calibrations are carried out: one, because desorption temperatures

are known, it is possible to observe the offset between the setpoint and the real substrate

temperatures. The second calibration method involves observation of the RHEED sur-

face reconstruction pattern of GaSb transitioning from 2× 5 to 1× 3 under a constant

Sb flux, which can be related to the absolute substrate temperature134. Together these

two points are then fitted to create a real temperature dependence for a given substrate

type.

It is worth noting that the sticking coefficients of group III materials can be approxi-

mated as 1 under the growth conditions used in this work; group V materials, however

(here, As and Sb), have more complex sticking coefficients that are dependent on sub-

strate temperature and are generally less than 1135. This has two implications. First,

because of the complex relationship of group V sticking coefficients with growth con-

ditions, the ratio of As to Sb in any given superlattice sample needs to be fine-tuned

empirically over several repeated growths. The other consequence is that all group V-

terminated surfaces require maintained group V flux whenever growth is not occuring,
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FIGURE 4.3: A top-down diagram of a generic molecular beam epitaxy
growth chamber.

in order to replace any ’escaped’ molecules. For the specific case of InAs1−xSbx under

AsSb flux, however, this can have the unintended consequence of slightly altering the

As/Sb ratio of the surface monolayer. For a detailed description of growth optimisation

of samples used in this work see Section 5.3.

4.2 Structure characterisation

This subsection details the X-ray diffraction and the transmission electron miscroscopy

methods.

4.2.1 High-resolution X-ray diffraction

X-ray diffraction is a non-destructive method of characterising crystals, including com-

pounds and heterostructures. It relies on the effect of X-ray photons being coherently

(elastically) scattered off the surface of a crystal, in an effect called Bragg diffraction:

2dhklsinθB = nλ (4.1)
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where dhkl is the interplanar spacing of the cubic lattice (d004 for the symmetrical

scan used in this work), θB is the Bragg angle (the angle between the incident beam and

the lattice plane), λ is the wavelength of the incident X-ray photons and n is the diffrac-

tion order. In the so-called coupled ω − 2θ scan, which scans parallel to the scattering

vector in the reciprocal space, both the angle between the source and the sample ω, and

the angle between the sample and the detector 2θ (see Figure 4.4) are varied such that

ω = 0.5× 2θ. As such, because θB and λ from Equation 4.1 are known, it is possible

to obtain 2dhkl = a0 of the epilayer. Another structural parameter that can be accessed

with a coupled ω − 2θ scan is the period of the superlattice, which is calculated from

the satellite peak separation arising as a result the superlattice periodicity.

FIGURE 4.4: A side-view of the X-ray diffraction scanning apparatus.

The samples described in this work were characterised using a double-crystal Bede

QC200 system. A hot filament acts as a source of electrons, which are accelerated by

an electric field (usually set to ∼ 38 kV) and is incident on a copper target, produc-

ing two X-ray emission lines with wavelengths 1.541 Å and 1.545 Å, which are condi-

tioned using a mirror. The scan is set up by calibrating the 2θ angle with respect to

the substrate peak (here, either GaAs or GaSb), which then becomes the 0" reference

point for resultant epilayer peaks. The other two calibration parameters are ω, used

for further refining the substrate peak amplitude, and χ, the position of the sample

stage perpendicular to the beam axis. Diffracted peak intensity is then recorded as a



Chapter 4. Experimental Methods 64

function of ω− 2θ, and the resultant spectrum is loaded into the RADS Mercury simu-

lation software and compared to a model spectrum. The model input parameters, such

as superlattice layer thickness, ternary and quaternary element ratios, and buffer layer

relaxation (if applicable), are first estimated from growth conditions, then refined by

comparing the modelled and experimental spectra. The expected structure is modelled

using the Bede RADS software, while Bede PeakSplit is used to simulate the buffer

layer peak positions with respect to the substrate.

4.2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a method that uses electron diffraction across

a sample to achieve sub-nanoscale image resolution. Unlike in the case of the XRD spec-

tra described in Section 4.2.1, the result of a TEM scan is a real-space cross-sectional

image of a sample with a possible resolution of individual molecules. The TEM im-

ages of several samples were obtained by Richard Beanland at University of Warwick

using a JEOL 2100 LaB6 miscrocope, and employing the high-angle annular dark-field

(HAADF) imaging technique which is particularly suited to resolving gradients in the

atomic number Z, such as between As (Z ∼ 33) and Sb (Z ∼ 51). In order for a speci-

men to be suitable for TEM scanning it needs to be electron-transparent, ie. thin enough

to transmit incident electrons with minimal energy loss. The samples analysed in this

work were thinned using grinding, polishing and Ar+ ion milling, which involves erod-

ing the sample surface using accelerated Ar ions.

4.3 Fourier Transform Infrared spectroscopy - transmission

Fourier Transform Infrared Spectroscopy (FTIR) is a non-destructive method of measur-

ing the spectral properties (usually absorption) of a material using a type of a Michel-

son interferometer. The basic principles can be understood with help of Figure 4.5: the

infrared radiation, produced by a NIR or MIR source, is incident on a partially trans-

parent beamsplitter (BMS), which coherently reflects part of the light onto Mirror 1 and
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passes the rest through onto Mirror 2 (both parts of the Interferometer). The feature

characteristic of the rapid-scan FTIR method is that Mirror 2 is continuously moving

(scanning) with respect to the beamsplitter, so that the beam travels a fixed distance to

Mirror 1 but a continuously changing one to Mirror 2, dependent on the mirror speed.

FIGURE 4.5: Top-down view of the internal structure of the Vertex 70
Fourier Transform IR spectrometer. The optical beam path for internal
(transmission) measurements is coloured in solid grey, while alternative
beam paths are marked with broken lines. The OUT 2 port is usually
used for spectral response measurements. Figure adapted from the Ver-

tex 70 manual136.

The introduction of a scanning mirror is the source of the major practical advantage

of FTIR: a single interferogram contains information about the entire scan spectrum,

making this technique quick and efficient137. The difference between the two paths

travelled by the split beams can be defined as optical path difference, or optical retar-

dation δ. Subsequently, when the two beams recombine at the beamsplitter and reflect

towards the specimen (and then the detector), the result is a beam intensity function

with two components: a constant dependence on the wavenumber k0 (not useful for

Fourier analysis) and a signal modulated by δ
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I(δ) = B(k0)cos(2πk0δ) (4.2)

which constitutes the interferogram. B(k0) is a compound term that accounts for

the intensity of the incident beam, non-ideality of the beamsplitter, detector response,

and amplifier modulation characteristics. This is a simple Fourier transform for a

monochromatic light source (such as the reference HeNe laser), but a convolution of

wavenumbers (eg. a continuous spectrum) needs to be analysed with the Fourier inte-

gral:

I(δ) =
∫ +∞

−∞
B(k)cos(2πδk)dk (4.3)

where

B(k) = 2
∫ +∞

0
I(δ)cos(2πδ)̨dδ (4.4)

Although the above integrals imply an infinite spectral resolution, in practice δ has

a range of no more than a few millimetres137.

The simplicity of Equation 4.2 in the case of a monochromatic source is exploited in the

use of a HeNe laser as a reference signal for the optical path difference. Because the

ideal HeNe interferogram is a simple sin function, the software can count the number

of generated fringes and trigger digitisation of the signal due to infrared radiation.

Transmission and spectral response measurements were performed using a Bruker Ver-

tex 70 FTIR apparatus, equipped with a nitrogen gas purging system and a removable

OptistatDNV2 LN2-cooled cryostat. Figure 4.5 shows the top-down view of the in-

ternal structure of the FTIR, as used in transmission measurements. MIR radiation is

produced in the source compartment, and passes through aperture and optical filter

wheels (APT and OPF respectively). The aperture size is mostly determined by the

sensitivity of the detector in use, and here it is customarily set to 6 mm; the optical filter

is left open. The default configuration of the sample compartment only permits room

temperature measurements, so it has been modified in-house to permit installation of
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the cryostat. The in-built room-temperature DLaTGS detector covers a spectral range

from 833 nm to 40 µm, which, together with the KBr beamsplitter and the MIR source

results in a detectable range from 1.25 to 28.7 µm.

In order to obtain the transmittance data, first the background measurement is taken

in order to provide a reference dataset for the sample spectrum. The sample is then

mounted in the sample compartment either using a simple magnetic plate, or by in-

stalling it inside the cryostat (equipped with ZnSe windows) for low-temperature mea-

surements. In a transmittance measurement the scanning resolution is usually set to 4

cm−1, which provides sufficient signal-to-noise ratio; the aperture size is determined

automatically by the OPUS (ver. 7) software.

4.4 Photoluminescence measurements

Photoluminescence is a non-invasive method of assessing the optical properties of a

material, e.g. the bandgap. It consists of shining a light on the surface of the mate-

rial with photon energy larger than the expected bandgap, exciting electrons into the

conduction band which then radiatively recombine with holes. However, the resultant

emission peak position does not necessarily correspond to the fundamental bandgap

transition, for example due to band filling: excited carriers occupying all available low-

est energy states, increasing the effective optical bandgap. A power-dependent mea-

surement can be carried out in order to account for this factor, however, which encom-

passes varying the power of the laser source (LP) incident on the sample at a constant

temperature and observing the red-shift of the peak position as a function of decreasing

pump power (see Section 6.3). The power-dependent photoluminescent measurements

were carried out at Lancaster University by James Keen using a Bruker FTIR spectrom-

eter equipped with either a MWIR InSb detector or a LWIR HgCdTe detector, and using

a 785 nm pump laser with 2.55 W cm−2 power density and a spot diameter of 1 mm.

The laser power was modulated with the use of lowpass filters in the range of 0.4% to

50%.
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4.5 Device fabrication

A number of additional processing steps need to be taken in order to produce testable

nBn photodetectors from nBn-structure wafers. These were all performed on-site at the

Quantum Technology Centre in the Physics Department, Lancaster University.

As a matter of good practice, the very first step is to ensure that the surface of the

sample to be processed is clean and free of debris. This is done by submerging the

sample in acetone followed by high-concentration isopropyl alcohol (IPA) bath which

act as solvents, then rinsing the material in de-ionised water and drying it under high-

pressure nitrogen flow. Follow-up options include baking the sample on a conduction

hot plate to thermally remove contaminants and water residue, and subjecting the sam-

ple to high-power (50+%) oxygen plasma treatment in a Plasma Etch Inc. PE-25 oxygen

asher. Low-power plasma treatment can also be used to remove any remaining pho-

toresist at later stages of processing.

4.5.1 Photolithography

In order to create microscale features on a thin film, precise patterning of the surface

is required. Photolithography is a technique used in production of integrated circuits

(IC), where a polymer-based photoresist is first deposited on the sample surface, then

selectively exposed to ultraviolet light, which breaks down the photoresist molecules

in the exposed area. Chemical treatment (development) then dissolves the affected

molecules, leaving behind the desired IC pattern.

Photoresist deposition and soft-bake

Two resists are applied to the substrate: first LOR 3A and then the positive photoresist

S1813 (a positive photoresist breaks down in response to UV radiation; the opposite

applies to a negative resist). For the purposes of processing, the main difference lies in

their development rates: by developing at a faster rate than S1813, LOR 3A creates an

undercut beneath the S1813 layer, allowing lift-off to proceed as intended (see Section
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4.5.2). First, the sample is positioned on a chuck inside the SUSS MicroTec LabSpin

spin-coating equipment, then fixed in place with vacuum. The liquid resist is deposited

statically with a pipette, then the sample is spun at a speed and for a time chosen to

produce the desired resist thickness (this thickness is also a function of resist viscosity

and a number of other parameters such as ambient humidity, so a recommended spin

program needs to be established experimentally). For LOR 3A, 3000 rpm for 30 seconds

is enough to produce a layer of about 300 nm.

Once the coating is applied, the wafer is baked on a hot plate for a certain time and

temperature in order to drive out any solvent remaining in the resist and to stabilise

the surface. For LOR 3A, the optimum result is achieved after 5 minutes at 180 ◦C.

Once the lift-off resist deposition is finished, S1813 is applied by following the same

steps but varying the optimal parameters: the spin is carried out at 6000 rpm for 45

seconds, achieving a thickness of ∼1300 nm, followed by a soft-bake at 115 ◦C for 2

minutes.

Ultraviolet exposure

The equipment used for exposure is a SUSS MicroTec MJB4 mask aligner. It is a design-

replicating machine with exposure uniformity of ≤3% and several possible contact

modes. The UV wavelength used for S1813 and LOR 3A exposure is 365 nm, corre-

sponding to the I-line of the mercury lamp source. First, the prepared wafer is loaded

onto a stage, with the mask secured above with the use of vacuum. The next step is to

perform the so-called wedge error compensation on the position of the sample surface

with respect to the plane of the mask, which ensures parallel alignment of the two. Any

other alignment of the mask features with the sample surface is performed using a mi-

croscope and x, y and θ controls.

The contact mode used for all the samples in this work is Soft Contact, where only

mechanical pressure keeps the sample and the mask aligned. This offers a maximum

resolution of ∼2 µm, sufficient for this work, and minimises damage to the mask and



Chapter 4. Experimental Methods 70

sample surface138. Suitable exposure time is periodically adjusted due to parameter

drift, but is usually within 1-2.5 second range.

FIGURE 4.6: A feature of the photolithographic mask called expo-
sure fingers, used to gauge the quality of exposure and resist devel-
opment. Left: underdeveloped/underexposed, middle: appropriately
developed/exposed, right: overdeveloped/overexposed. Note: the

colours are artefacts of microscope lighting.

Note that the reflection of UV light off the surface of the sample can imprint stand-

ing wave patterns in the resist. The usual recommendation is to use a post-exposure

bake to thermally diffuse them; however, because the device features used in this work

are much larger than the UV wavelength, this effect can be ignored without affecting

device characterisation. Therefore, once exposed, the resist is immediately developed

in MF-CD-26, which specifically targets the resist sections broken down by the UV ra-

diation. The quality of exposure and development can be assessed under a microscope

by inspecting a mask feature called exposure fingers, which can be seen in Figure 4.6.

LOR 3A develops at a faster rate than S1813, so it creates an undercut for the following

thermal evaporation step (see Figure 4.7). Before evaporation, however, it is necessary

to ensure that all the LOR resist is removed from the surface, as it can cause poor metal

adhesion; also, a layer of left-over resist can render the metallic contacts non-ohmic

by introducing stray potential barriers. Therefore, this left-over resist is dealt with by

exposing the sample to low-power (20 - 30 %) plasma in the oxygen asher for 15-25

seconds.
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4.5.2 Contact deposition and lift-off

In order to form an electrical circuit between the devices and the external electronics

it is necessary to equip the devices with ohmic contacts. An ohmic contact is a non-

rectifying metal-semiconductor interface with a linear I-V dependence, and an ideally

negligible voltage drop (ie. one that minimises the Schottky barrier present at the junc-

tion).

The contacts are thermally evaporated in a Moorfield Minilab 060 deposition reactor,

equipped with a turbo-molecular pump. It employs resistive evaporation, where the

metal to be evaporated is placed in a highly resistive coil (’source’ or ’basket’) through

which a high current is passed in order to melt and eventually evaporate the source

materials.

The standard titanium/gold (Ti/Au) combination is used for the InAs/InAs1−xSbx sur-

face. It is recommended that the sources are first heated to evaporation temperature if

they are in use for the first time, and that similarly the source materials should undergo

an acetone bath before being placed in the growth chamber. The growth rate is moni-

tored using a quartz crystal microbalance, which exploits the piezoelectric property of

quartz: a crystal is resonated at a known frequency, which is modulated in a known

way by mass coming in contact with the surface of the crystal. The QPod control soft-

ware requires three inputs: the source material density, the tooling factor (a parameter

calibrated in situ that accounts for the difference in position between the sample and

the monitor) and the Z-ratio (a correction parameter accounting for the change of fre-

quency in response to deposited mass)139. This monitor is located in a close proximity

to the samples.

Titanium, which is deposited first, acts as an intermediary layer and serves two func-

tions: it prevents gold from diffusing into the semiconductor and acting as a dopant,

and promotes surface adhesion in order to counteract gold’s poor chemical reactivity.

The high reactivity of titanium has another useful property: a sudden drop in chamber

pressure at high coil power signals the start of Ti sublimation, as impurities are trapped

by the Ti coating the chamber. About 30 nm of Ti is a sufficient thickness. Note that
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gold evaporation needs to immediately follow that of titanium as Ti quickly oxidises

when exposed to atmosphere. The recommended thickness of gold is at least 200 nm

to ensure that the contacts are robust enough for wire bonding and characterisation;

however, care needs to be taken that the total contact thickness does not overtake that

of the LOR 3A resist (see Figure 4.7).

The lift-off is performed by submerging the sample in a bath of Shipley 1165 remover

for∼10 minutes. This is usually sufficient to remove all gold-coated resist from the sam-

ple, but should any gold remain, the surface of the sample can be agitated by squirting

the remover onto it using a pipette (the sample needs to be submerged at all times to

avoid van der Waals forces binding dislodged metal flakes to the surface permanently).

Agitation via a sonic bath is usually not employed due to the potential structural dam-

age to the epitaxial films.

4.5.3 Wet etching

Wet etching refers to the removal of epilayers in a chemical solution. This removal can

be applied selectively to sample areas patterned with resist to produce specific device

structures. First, the sample is patterned with resist, which is not reactive with the

acid solution, using the techniques described in Section 4.5.1 (S1813 alone is sufficient

if the etching is not followed by thermal evaporation). A standard wet etching process

involves three components: an oxidising agent, an oxide-stripping compound, and a

solvent (water).

Anisotropic wet etching of the InAs/InAs1−xSbx superlattice is achieved using a 2:1

solution of citric acid (which is C6H8O7 dissolved in deionised water in 1:1 ratio) with

hydrogen peroxide (H2O2), where H2O2 oxidises the surface of the material while citric

acid acts as the solvent for the resulting oxides. The etch rate of a solution has a pro-

nounced temperature dependence described by the Arrhenius equation140, as well as

mechanical agitation and concentration. However, because the barrier layer (AlGaSb,

AlAsSb or AlGaAsSb) acts as a natural etch stop, it is sufficient to assume an etch rate

of 200 nm/min. Similarly, the superlattice absorber layer is thick enough (at least 3-4
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FIGURE 4.7: The process of photolithography and thermal evaporation
as used in creating top contacts: a) deposited and baked resists, b) UV
exposition, c) the area of resist decomposed by UV, d) development in
MF-CD-26, which creates an undercut, e) a sample after Ti/Au evapora-

tion, f) a sample after lift-off in the 1165 remover.

µm) to allow for a controlled etching process without knowing the exact etch rate.

In order to etch the barrier material, an aggressive non-selective HCl:H2O2:H2O (1:1:5)

solution is briefly used (∼35 s) before immediately transferring the sample to an C6H8O7:H2O2

bath to stabilise the etch surface. The etch depth and profile is controlled with a KLA

Tencor Alpha Step IQ surface profiler.

Figure 4.8 shows a sketch cross-section of a finished nBn device, with the most impor-

tant parts denoted with labels. The top ohmic contact is created using photolithogra-

phy, evaporation and lift-off; the mesa (contact SLS) is fabricated with photolithogra-

phy and citric acid wet etching; the barrier layer uses photolithography and HCl wet

etching, followed by a citric acid etch into the absorber to achieve sufficient depth for

the ground ohmic contact (grid), created with evaporation and lift-off.
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FIGURE 4.8: Cross-section of a mixed area device with relevant compo-
nents labelled.

4.5.4 Wire bonding

Ultrasonic wire bonding is a cold-welding technique used for connecting a device to ex-

ternal read-out electronics. This method does not require melting of the surface metal

to create a bond; instead, an application of ultrasonic energy to the bond and the con-

tact surfaces promotes metal-to-metal coupling via excitation of electrons in the outer

valence levels of the two metals141. Wire bonding is carried out in situ using a TPT

HB05 apparatus.

FIGURE 4.9: An Arrhenius plot for two devices
on the same sample. The squares correspond to

a device with wire-bonding damage.

One drawback of on-device contacts

becomes evident when comparing the

current-voltage characteristics of bonded

and unbonded devices: the ultrasonic en-

ergy and the bond force are both strong

enough to damage the crystalline struc-

ture of the device and raise the total cur-

rent magnitude (see Figure 4.9).
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4.6 Device characterisation

This Section details the experimental procedures for optical characterisation of nBn de-

vices, comprising spectral response (SR) using the FTIR, quantum efficiency (QE) ob-

tained on a blackbody setup, and the use of a cryogenic probe station to measure dark

current density Jd.

4.6.1 Fourier Transform Infrared spectroscopy - spectral response

The behaviour of spectral response as a function of incident IR light can be charac-

terised using a Fourier Transform IR spectrometer as the light source and the device

sample as the detector. The experimental setup can be seen in Figure 4.10. The sample

is mounted in the OptistatDN-V2 cryostat and carefully aligned with the output beam

of the FTIR (which is redirected through of either OUT 2 or 3 port seen in Figure 4.5)

using a visible NIR (tungsten) source as a reference, then cooled down to the tempera-

ture of interest. External read-out electronics connect it to a Stanford Research Systems

SR570 preamplifier which provides a bias of -0.1 V. The preamplifier gain allocation

mode is set to Low Noise to reduce the Johnson noise at the output terminal, and the

gain value (the ratio of the outgoing to incoming signal, expressed in A/V) is adjusted

at each temperature to obtain a suitable signal-to-noise ratio. This signal is further pro-

cessed by a Bruker digitiser and sent to the OPUS software.

The resultant single-channel data does not contain information about background con-

ditions or the lineshape of the blackbody source; instead, the spectral response can be

normalised to a theoretical blackbody curve (computed using the temperature of the

MIR source, 1320 K) to recover the response characteristics of the detector. However, in

order to obtain numerical values of responsivity it is necessary to know the total optical

power incident on the device, which would be prohibitively difficult to calculate due to

the complicated geometry of the FTIR beam path. An alternative technique is discussed

in Section 4.6.2.
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FIGURE 4.10: The experimental setup in spectral response measure-
ments, where the Fourier Transform IR spectrometer (blue) is used as

the light source.

4.6.2 Quantum efficiency and responsivity

External quantum efficiency of the device samples is measured using a Landcal P550P

blackbody emitter rather than a single-wavelength source. First, the sample is mounted

and cooled inside the OptistatDN-V2 cryostat, and connected to the SR570 pre-amplifier,

which is operated according to the same principles described in Section 4.6.1. The pre-

amplifier output is further connected to an SRS SR830 lock-in amplifier, which uses

phase-sensitive methods to detect a very small signal against a background of noise

which can be orders of magnitude larger. This is done by providing a reference fre-

quency (here sourced from a chopper separating the blackbody source from the sam-

ple; see Figure 4.11 for the complete set-up) at which the amplifier looks for the relevant

signal, and discards any signal outside of it.

Responsivity is defined as the ratio of the photocurrent Ip generated in the absorber to

the total incident optical power PBB (see Section 2.2.3). PBB is emitted from a blackbody

element and is equal to
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PBB =
σ

π
(T4

BB − T4
d )ΘWΓ (4.5)

where σ is the Stefan-Boltzmann constant, W is the transmission of the ZnSe cryostat

window equal to ∼0.65 across the 0.6 - 16 µm range, TBB is the temperature of the

blackbody equal to 550◦C, and Td that of the device. System throughput Θ parametrises

the active area of the absorber under illumination, and is equal to142

Θ = π2r2
a F (4.6)

where ra is the radius of the aperture in Figure 4.11 and F is the form factor calcu-

lated using

F =
1
2

 (r2
a + r2

d + d2)−
√
(r2

a + r2
d + d2)2 − 4r2

ar2
d

r2
a

 (4.7)

where rd is the device radius and d is the distance from the aperture to the de-

vice. Care needs to be taken when defining effective rd when an opaque top contact is

present.

The dimensionless bandpass filter transmission factor Γ quantifies the fraction of the

total blackbody flux that passes through the bandpass filter, and is obtained by multi-

plying the normalised blackbody spectrum for a given TBB and the transmission spec-

trum of the bandpass filter, and calculating the integrated area of the resultant curve.

The filter transmission spectrum was obtained using the method described in Section

4.3.

4.6.3 I-V characteristics

Leakage current characteristics were obtained using a Lake Shore TTPX cryogenic probe

station and Keithley 2430 and 2350 sourcemeters, controlled remotely with a LabVIEW

program. The probe station offers accurate control of the device temperature in the
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FIGURE 4.11: Side-view of the experimental setup used in external quan-
tum efficiency measurements.

liquid nitrogen regime via a cooled copper sample stage, an inner radiation shield pre-

venting thermal radiation effects, and probe arms that are thermally anchored to the

stage. A 1.55 µm Thorlabs fiber DFB laser, mounted on the third probe arm, is also

positioned above each device. Measurements are taken at 20 K increments starting at

77 K, and each one involves the following steps. First, the sample is left idle for a few

minutes to allow it to reach thermal equilibrium with the stage. The probes are then

lowered down on the device under consideration, and the optic fibre of the laser is

positioned above it. It is commonly found in our superlattice nBn devices that once

the probes are contacted to the device, a gradient in dark current is observed even un-

der constant bias, temperature and illumination, which settles with time. However, it

has been found that applying a laser burst of ∼10 seconds to the sample prior to the

measurement helps the dark current to settle almost instantly, which implies that trap

centres in the wide-bandgap barrier play a role in this process. Once the current reaches

a plateau, a voltage sweep between -0.5 V and 0.5 V is applied in steps of 0.01 V.
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Chapter 5

I. Results and discussion: Design,

growth and structural properties

In terms of sample structure, two types of specimen were produced. The first type was

undoped superlattice epilayers, usually grown on buffer layers on GaAs substrates,

produced with the intent of studying optical properties of the SLS using transmission

and photoluminescence methods. The second type was the n-doped nBn device, with

superlattices constituting the absorber and the top contact layer. Section 5.1 deals with

the principles of designing a superlattice layer (both for undoped and device samples),

Section 5.2 details how the properties of the nBn device structures are decided, Sec-

tion 5.3 outlines a typical MBE recipe, and Section 5.4 presents the results of structural

characterisation using X-ray diffraction and transmission electron microscopy.

5.1 Superlattice design

This section outlines the design procedure of the InAs/InAs1−xSbx superlattices, and

the way different structural variables affect each other and the final performance of the

detectors.

When designing an infrared detector, the primary parameter that defines its scope of

operation is the desired cut-off wavelength (λcut−o f f ). λcut−o f f is usually defined at a

fraction of the maximum spectral response of the detector, and as such its position is



Chapter 5. I. Results and discussion: Design, growth and structural properties 80

dependent on the strength of absorption near the fundamental band edge, which deter-

mines the gradient of spectral response. This absorption strength, in turn, is strongly

dependent on absorber thickness and other practical choices made during growth and

processing of the sample. Because of this, when designing a device from scratch, it is

simpler to first choose the value of the fundamental bandgap near the desired λcut−o f f ,

carry out the design procedure outlined below, characterise the device as necessary,

then iteratively fine-tune the design parameters until the correct shape of spectral re-

sponse is achieved.

The fundamental bandgap of the absorber superlattice (Eg) is the dominant structural

parameter that determines the majority of subsequent design choices. In a type-IIb su-

perlattice (see Section 2.1.2) the bandgap is strongly dominated by the valence band

offset between InAs and InAs1−xSbx, making the antimony fraction xSb the variable of

interest. Originally, the valence band position of InAs1−xSbx with respect to that of

InSb (a common reference point recommended by Vurgaftman et al28) or a theoretical

zero-energy asymptote22 was calculated using values found in literature28,22,42, but that

led to a routine overestimation of the bandgaps obtained from transmission and spec-

tral response data (for an example see Figure 5.1). Because of this, as an alternative

approach, the InAs1−xSbx valence band position was subsequently estimated and used

as a fitting parameter based on previous sample data, which is discussed in detail in

Section 6.5.

Once the desired Sb fraction is known, it is necessary to choose an appropriate sub-

strate for the sample: a native GaSb substrate, a GaAs substrate with a GaSb buffer

layer, or one with an AlSb buffer. This choice is crucial as it determines the crystalline

quality and the strain-balancing conditions of the structure, i.e. the ratio of the thick-

nesses of InAs and InAs1−xSbx across a single superlattice cell that results in the least

possible residual strain. The ideal ratio is obtained using the following relation:

ε‖,InAs1−xSbx ×MLInAs1−xSbx + ε‖,InAs ×MLInAs = 0 (5.1)

where ε‖ is the in-plane strain defined in Section 2.1.1 and MLInAs,InAs1−xSbx are the
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FIGURE 5.1: Fundamental bandgap values obtained from an
InAs/InAs0.824Sb0.176 superlattice transmission data (black dots) com-
pared to theoretical predictions (continuous lines) using different va-
lence band position (VBP) values from literature. The temperature de-
pendence is modelled using single-oscillator parameters from Webster

et al42.

numbers of respective monolayers in a single superlattice cell. In practice, this calcula-

tion is iterated for different monolayer numbers until the right-hand side is minimised,

which results in some amount of residual strain always being present. It is also im-

portant to note that strain is temperature-dependent due to the different expansion

coefficients of InAs and InAs1−xSbx (see Figure 5.2). During its lifetime a sample goes

through a temperature range of at least 600 K between the MBE growth conditions and

the cryogenic testing temperatures, therefore care needs to be taken that critical thick-

ness is not reached at any point. As such, in this work the appropriate monolayer ratio

is customarily found at 300 K, which is believed to be an acceptable middle ground be-

tween these temperature extremes. As an example, the behaviour of critical thickness

of an arbitrary 14 ML/ 14 ML InAs/InAs0.82Sb0.18 superlattice on GaSb in response to

temperature can be seen in Figure 5.2. All critical thickness calculations in this work are

carried out using the Matthew and Blakeslee’s model introduced in Section 2.1.1. It can

be shown that the model’s condition for a lattice mismatch of 1.4% or less is fulfilled

for the majority of samples discussed here (see Figure 5.2), so the hc values calculated

using this model can be taken as reliable.



Chapter 5. I. Results and discussion: Design, growth and structural properties 82

FIGURE 5.2: Top: the behaviour of the InAs and InAs0.82Sb0.18 lattice constants in response
to temperature. The different rates of lattice constant changes have implications for designing
strain-balanced heterostructures. Middle: calculated critical thickness of an InAs/InAs0.82Sb0.18
superlattice cell grown on GaSb, designed to be strain-balanced at 300 K using the Matthew and
Blakeslee model. The FWHM of hc(T) here is ∼ 60 K (note the axis break). Bottom: calculated
lattice mismatch for different combinations of epilayers and substrates, validating the use of the

Matthew and Blakeslee model for their critical thicknesses.
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Regarding the bottom graph of Figure 5.2, however, it should be noted that in a real

scenario involving growth on a buffer layer, the response of aAlSb would be at least par-

tially determined by the thermal expansion of the underlying GaAs substrate.

The strain-balanced monolayer ratio is also dependent on the substrate lattice constant.

GaSb, with its native lattice constant, offers the smallest dislocation density of the three

so it is a suitable choice for MWIR device samples. The advantage of a buffer layer

acting as a ’virtual’ substrate is that the strain-balancing conditions of the superlattice

are no longer dependent on the lattice constant of the substrate, as the superlattice is

strained to the buffer layer instead. This is a significant consideration for superlat-

tices with Sb fractions appproaching 0.3 and above on GaSb: at this value, the strain-

balanced ratio of InAs1−xSbx to InAs quickly falls to 0.5 and below (see Figure 5.3), in

practice requiring the hole barrier layer (InAs) to be much thicker than the hole well

layer, which decreases the wavefunction overlap between the electron (e1) and fun-

damental heavy hole (hh1) bands, which impedes absorption; heavy hole tunnelling

and subsequently photocarrier extraction from the absorber are also affected. Very thin

InAs1−xSbx layers could also potentially suffer from a Sb gradient existing across the

entire layer thickness, as discussed in Section 5.4.3.

FIGURE 5.3: The strain-balanced ratios of InAs1−xSbx and InAs mono-
layer numbers at 300 K as a function of Sb fraction, calculated either for

the GaSb or AlSb lattice constants.
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For layers grown on AlSb, on the other hand, the high-Sb monolayer ratio remains

in the range of 0.9-1.6 across the entire LWIR range, potentially mitigating both of these

issues.

Furthermore, if the sample is being grown on a mismatched-lattice substrate, then the

buffer layer thickness also needs to be chosen. This choice is supported by the known

percent relaxation as a function of buffer thickness, the details of which are discussed

in Section 5.4.2.

Once the strain-balanced monolayer ratio is known, it is necessary to choose the actual

superlattice layer thicknesses. TEM images taken of an InAs/InAs0.824Sb0.176 SLS nBn

grown on a GaSb substrate (discussed in more detail in Section 5.4.3) show a gradient

in Sb incorporation that spans about 2 nm near the layer interface. This will affect the

band structure and therefore the optical properties of the superlattice in the case the

quantum well layer is thin enough that this gradient spans its entire width. As such,

InAs1−xSbx thicknesses above 2 nm are generally recommended. However, increas-

ing quantum well thickness requires widening the barrier by the same ratio, which

has implications for the heavy-hole wavefunction overlap between the wells, because

it increases photocarrier confinement and potentially affects carrier extraction due to

reduced tunnelling probability. This issue is particularly pronounced for high-Sb su-

perlattices strained on GaSb: for example, an xSb = 0.35 superlattice requires a barrier

that is 2.9 times thicker than the well, while one strained on AlSb necessitates a barrier

0.9 times the thickness of the well (as per Figure 5.3). Nevertheless, thicker superlat-

tice cells offer an additional advantage when interface roughness occurs between InAs

and InAs1−xSbx, because the affected area around the interface constitutes a smaller

fraction of the total layer thickness. Counter-intuitively, increasing the superlattice cell

thickness also decreases the MBE growth times due to the additional growth interrupt

stages (see Section 5.3). Finally, it is worth noting that the position of carrier minibands

within a quantum well has a non-negligible dependence on the well’s thickness, accord-

ing to the Kronig-Penney model discussed in Section 2.1.2; for discussion of a study of

this effect see Section 6.5. A qualitative summary of these considerations can be seen in
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TABLE 5.1: A qualitative summary of the consequences of decreasing
(increasing) the period of a superlattice.

Superlattice period thinner thicker

Miniband position increased decreased

HH wavefunction
overlap

increased decreased

Effect of interface
roughness

increased decreased

Effect of Sb gradient
at the interface

increased decreased

Growth times increased decreased

Table 5.1.

5.2 nBn device considerations

The next step in designing a sample is to choose appropriate thicknesses for the ab-

sorber and the contact layers. The fraction of light absorbed follows a modified positive

dependence on absorber thickness based on the Beer-Lambert law (per Equation 2.32) -

an arbitrarily thick absorber would increase responsivity but necessitate longer growth

times. The thickness of the contact layer, on the other hand, is mostly a practical choice

between contact robustness (ie. its resistance to damage when bonding and testing)

and acceptable optical losses in the contact superlattice, as any radiation absorbed in it

does not contribute to the photocurrent.

The primary parameter of an effective nBn barrier is its heavy hole band alignment

with that of InAs1−xSbx in the superlattice, which is necessary for unimpeded flow of

photocarriers across the barrier. Generally, three alloys have been used: AlxGa1−xSb,

AlAs1−xSbx, and AlxGa1−xAsySb1−y. The positions of their valence bands were calcu-

lated using the same approach outlined in Section 2.1.2, then their composition was

optimised to align them with the superlattice. It has been a recurring observation that

the inclusion of Ga in the barrier results in the alloy creating a more stable oxide when

exposed to atmosphere. Although it is unclear if the actual performance of a Ga-free
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barrier degrades with prolonged exposure to air, it is preferable to avoid this effect in

order not to introduce additional unknown variables into a detector’s performance. As

such, it is recommended to use either AlxGa1−xSb or AlxGa1−xAsySb1−x. A further ad-

vantage of the latter is that it can be closely lattice-matched to GaSb once a low fraction

of As is included, as it increases the barrier’s critical thickness.

A study of bulk InAs0.89Sb0.11 nBn devices, carried out by Adam Craig from Lancaster

University and Magnus Wagener from Nelson Mandela University143, has found a pro-

nounced decrease in dark current densities as a function of barrier thickness, the cause

of which is believed to be reduced electron tunnelling via midgap states in the barrier

(see Figure 5.4). As most of the decrease appears to take place between 20 and 80 nm,

most barriers in this work are grown with thicknesses in the range 50 to 100 nm.

Device absorbers are customarily n-doped at ∼6×1016 cm−3 carrier concentration; an

attempt to increase doping in a MWIR device to ∼5×1017 cm−3 in comparison to other

MWIR samples led to a significant decrease in responsivity associated with lowered

carrier diffusion lengths, which would decrease the total effective volume of the ab-

sorber (see Sections 6.2 and 7.2.1). However the top contact superlattice layers, which

are no more than 300 nm and do not contribute to the photocurrent, are routinely doped

at ∼5×1017 cm−3.

FIGURE 5.4: A comparison of dark current densities of three bulk
InAs0.89Sb0.11 nBn devices with varied barrier thicknesses at 77 K (left)

and 300 K (right). Credit to Adam Craig from Lancaster University.
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5.3 Molecular beam epitaxy growth recipe

For wafer preparation steps including outgassing and and oxide desorption stages refer

to Section 4.1. These are followed by 1 ML s−1 growth of 250-500 nm of a buffer layer

of the same binary as the substrate (at substrate temperatures of 500◦C for GaSb and

565◦C for GaAs), which isolates any remaining substrate surface contaminants from the

following epilayers. Next, if the sample is being grown on native GaSb, then the sub-

strate is simply cooled down to superlattice growth temperature (see below) under Sb

flux. However, if the subsequent layer is meant to be a buffer layer, then GaAs growth

is followed by a 10 second As flux interrupt, leaving the surface Ga-terminated. The Sb

valve is then fully opened and the substrate is cooled to the buffer layer growth temper-

ature (500◦C for both GaSb and AlSb), which is then grown at∼1 ML s−1. The substrate

is then again cooled down under Sb flux to the superlattice growth temperature.

The superlattice layers are grown at ∼1 ML s−1, which is an acceptable compromise

between growth duration and crystal quality, as it is slow enough to enable each layer

to self-assemble before deposition of the next one begins in the so-called Frank-van der

Merwe growth, while maintaining feasible operation times. The growth rate ratio of

group III (In) to group V (As/Sb) elements is kept in the range 1:1.6 to 1:1.8 as recom-

mended by QinetiQ144. Optimal InAs/InAs1−xSbx substrate growth temperatures were

investigated by Liu et al.145, who studied integrated PL linewidths of a series of LWIR

samples, and found an optimal high-Sb growth temperature in the range 400-410◦C. It

is also known that Sb and As incorporation rates are negatively correlated with sub-

strate temperature via the temperature dependence of their sticking coefficients145,146.

Because of these two factors, MWIR samples in this work are grown at higher substrate

temperatures of 435-450◦C. Finally, interface roughness is minimised by introducing

growth interrupts in the form of group V soaks between InAs and InAs1−xSbx growth

steps. In an effort to eliminate Sb surface segregation, Stone147 built on the work of

Kaspi et al148 and Pillai et al149 to optimise As and Sb predeposition times by studying

their effect on the full-width-at-half-maximum (FWHM) values of InAs/InAs1−xSbx

MQW XRD spectra. Based on this work, a 3 second As/Sb soak step is incorporated
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into the recipe as a preclude to InAs1−xSbx growth, which is then followed by a 10 s As

exposure in preparation for the InAs layer. If the sample is a device, then dopant flux is

provided by a heated GaTe source at ∼215◦C for the low-doped absorber, and at 225◦C

for the high-doped top contact superlattice.

The barrier layer was originally grown at substrate temperatures approaching optimal

GaSb growth values (505◦C), however there have been concerns over preserving the

crystalline quality of the superlattice absorber below as it is being heated beyond its

optimal growth temperature. As such, earlier nBn device barriers in this work were

grown at ∼470◦C, while the later ones had barriers grown at the temperature of the

absorber layer preceding them (as discussed in Section 5.4). None of the barriers are

intentionally doped.

Finally, it must be pointed out that the principles outlined above apply to the samples

grown using the Veeco GENxplore MBE reactor. One sample discussed in this work,

the dual-colour QA504, however, was manufactured in the older VG V80-H system, us-

ing an earlier iteration of recipes. While the wafer conditioning and buffer layer growth

proceeded in the same manner, the superlattice growth substrate temperature was kept

constant at 425◦C; also, the recommended III-V growth ratio was not observed. Finally,

no As/Sb soak was incorporated before the InAs1−xSbx growth stage. The dopant den-

sity was 4×1016 cm−3.

5.4 Characterisation: X-ray Diffraction and Transmission Elec-

tron Microscopy

5.4.1 Sb incorporation

To ensure that electrical and optical characterisation of samples can be related to their

structure, the average variation of Sb incorporation across a wafer was measured for

several samples. The results can be seen in Table 5.2. No dependence on distance

from the centre of the wafer was observed, indicating that the substrate temperature

gradient occurring at wafer edges has a limited range. The more likely explanation is
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the uneven relaxation of the buffer layers preceding the superlattice on samples grown

on the lattice-mismatched GaAs (see Section 5.4.2), seeing that the two samples grown

on native GaSb (XV0576 and XV0552) show low standard deviations of ±0.1%.

TABLE 5.2: Mean Sb fractions and their standard deviations for different
samples, taken by obtaining the XRD spectra at 3 or 4 points on each

wafer.

Sample XV0154 XV0160 XV0159 XV0547 XV0234 XV0552 XV0576

Substrate/buffer GaAs GaAs GaAs GaAs GaAs GaSb GaSb

Buffer GaSb GaSb GaSb GaSb GaSb - -

Mean xSb (%) 17.6 17.8 17.4 25.7 37.7 30.9 16.1

Std. dev. xSb (%) 0.3 0.1 0.1 0.7 0.4 0.1 0.1

5.4.2 Buffer layer relaxation

The relaxation of an epitaxial buffer layer varies as a function of its thickness150, which

in turn affects the lattice constant that the following superlattice is strained on. To

support the superlattice XRD fittings in this work, a series of GaSb and AlSb buffer layer

samples with varying thicknesses were fabricated using the same growth conditions as

those in full sample recipes. The resultant (004) ω − 2θ scans were used to simulate

the appropriate relaxations in the Bede PeakSplit software, whose input parameters are

the substrate and epilayer materials, diffraction planes of the scan, and the expected

percent relaxation, which is defined as

Relaxation =
a‖ − asub

arelaxed − asub
× 100% (5.2)

where asub is the substrate lattice constant, a‖ is the epilayer lattice constant parallel to

the substrate plane, and the relaxed lattice parameter is

arelaxed =
−(a⊥(ν− 1)− 2νa‖)

1 + ν
(5.3)
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where ν is the Poisson ratio of the epilayer and the epilayer perpendicular lattice con-

stant a⊥ is defined as

a⊥ =

(
sin(Θsub)

sin(Θsub + ∆ω)
− 1
)
× asub + asub (5.4)

where Θsub is the Bragg angle of the substrate. Equations 5.2 and 5.3 are solved

simultaneously by the software for a‖ and arelaxed. The output parameter of interest

here is the difference between the substrate and epilayer Bragg angles ∆ω, because

it can be compared to the experimentally obtained position of the epilayer peak with

respect to that of the substrate.

FIGURE 5.5: Symmetric coupled XRD scans of varying-thickness GaSb
(left) and AlSb (right) buffer layers, all grown on GaAs substrates. The
very low peak intensity of the thinnest AlSb buffer is due to gradual

formation of an oxide on the surface of the AlSb samples.

For each buffer layer sample, a coupled symmetric scan was performed at four

points on the wafer. The resultant epilayer peak positions (see Figure 5.5 for scans of

the GaSb and AlSb wafer centres) were then fitted to the Gaussian function if the sam-

ple was under 500 nm in thickness, and estimated from raw data for samples above

500 nm. The reason for the latter is the appearance of a secondary shoulder on the

thicker samples, which Reyner et al150 attributes to interaction of the asymmetric Kα2

emission line of the copper source with the crystal, due to insufficient filtering of this

line by the beam conditioner. This makes a standard Gaussian fit unsuitable. Once a
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value for the substrate-epilayer peak separation is known, a Bede PeakSplit simulation

is iterated until the corresponding percent relaxation is found. These mean values and

their standard deviations can be seen in Figure 5.6.

FIGURE 5.6: Relaxation of different buffer epilayers grown on GaAs sub-
strates as a function of buffer thickness.

5.4.3 InAs/InAs1−xSbx nBn growth on native GaSb

This section details structural characterisation of nBn devices on GaSb substrates only.

X-ray diffraction

A number of nBn devices were grown on GaSb substrates, which provide the optimal

strain-balancing environment for an InAs/InAs1−xSbx system. ω − 2θ scans of MWIR

samples XV0161, XV0576 and XV650 can be seen in Figure 5.7. Sample XV0161 shows

sharp, well-defined superlattice peaks with no evidence of splitting which (if present)

could point to either partial relaxation of the absorber layer, or relaxation of the top

contact superlattice. The barrier of this sample is 53 nm of AlAs0.12Sb0.88, grown ’hot’

at 470◦C substrate temperature, compared to the SLS growth temperature of 432◦C.

Sample XV0576, grown to be lattice-matched at a lower xSb = 0.16, can be seen

in Figure 5.7. The barrier, Al0.90Ga0.10As0.06Sb0.94, is grown ’cold’ at the superlattice

growth temperature of 427◦C and to 110 nm thickness. Valence band alignment with

the superlattice was predicted at barrier Sb fraction of 0.91, so the growth of this barrier
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TABLE 5.3: Barrier critical thicknesses at room and growth temperatures,
calculated using the Matthew and Blakeslee model.

Barrier hc (nm)

Sample dbarrier T300K Tgrowth

XV0161 46 47 28

XV0576 110 132 7052

XV0650 110 132 7052

XJ0292 51 34 47

XV0552 81 18 24

proceeded with the Sb valve fully opened and the As valve set to the lowest measur-

able position; this resulted in xAs = 0.06 and a small lattice mismatch with the GaSb

substrate that varies between 0.13 and 0.2% at 300 and 77 K respectively, minimising

thermally induced stresses on the epilayers as the sample undergoes temperature cycles

due to testing. The flat inter-peak regions at intensities ∼ 102 cps are likely due to the

fact that this particular scan was acquired at the edge of the sample, where substrate-to-

holder temperature gradients are more pronounced, and are not present in XRD scans

taken near and in the middle of the wafer. There is evidence of very weak peak split-

ting, where a secondary superlattice with a period larger by about 2 Å can be fitted near

the primary peaks, however characterising this peak set accurately would require scan

resolution not achieved for this sample set (much more pronounced peak splitting is

observed for LWIR samples, and discussed below).

One way to enhance light absorption of a detector is to simply increase the absorber

thickness. An InAs/InAs0.842Sb0.158 sample XV0650 was grown with a 8.7 µm absorber

thickness and an Al0.90Ga0.10As0.06Sb0.94 barrier, and the resultant XRD peaks can be

seen in Figure 5.7. Although no quantitative comparison can be made between the

FWHM values of this sample and XV0576 due to their dependence on instrument pa-

rameters, it can be seen that doubling the absorber thickness still results in sharp, well-

defined superlattice peaks.
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FIGURE 5.7: .

Coupled XRD scans of MWIR samples grown on native GaSb substrates (black), and

their modelled structures (red).

Closer inspection, however, reveals the same weak peak splitting (∼ 2 Å difference

in dSLS) as the one found in sample XV0576. Given the similarity of the two structures,
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including a very good lattice matching of this barrier to the substrate, a potential ex-

planation could lie in comparing the critical thickness of the barriers hc = 132 nm at

room temperature to the actual grown thickness of 110 nm - it is possible that the real

thickness is close enough to hc to cause partial relaxation of the barrier.

Figure 5.8 shows an XRD spectrum of the xSb = 0.40 sample XJ0292, with its Al0.58Ga0.42Sb

barrier grown ’hot’ (at 458◦C, compared to 393◦C superlattice growth temperature) to

a thickness of 51 nm.

FIGURE 5.8: Coupled XRD scans of the LWIR samples grown on native
GaSb substrates (black), and their modelled structures (teal).

Compared to the MWIR samples discussed above, this structure shows a set of

strongly split secondary peaks with a spacing corresponding to a larger period than the

primary superlattice. The same effect can be observed in sample XV0552 (xSb = 0.31;

this fraction refers to the primary set of peaks), with a ’cold’ barrier composed of

Al0.95Ga0.05Sb. Fitting parameters and substrate growth temperatures can be seen in

Table 5.4; for barrier critical thicknesses, refer to Table 5.3. There appears to be no corre-

lation between superlattice peak splitting and the substrate temperature during barrier

growth: sample XV0161, with its ’hot’ barrier, shows no splitting (although this could

be due to the X-ray scan resolution being too low to resolve the kind of faint splitting

seen in the other two MWIR samples), while the ’cold’ XV0552 does. Together with the

sharp peaks of XV0161 this also indicates that temporarily raising the temperature of
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the absorber superlattice during barrier growth on top does not necessarily compro-

mise the absorber’s crystal quality. In addition, no correlation was observed between

splitting and barrier growth rates, which varied between 0.5 and 1.0 ML s−1. The an-

swer, instead, appears to lie in the proximity of dbarrier to hc: the strongly split LWIR

samples XJ0292 and XV0552 had their barriers grown to thicknesses well beyond the

room temperature value of hc, a situation that would only exacerbate as the samples

are cooled to the operational temperature of 77 K due to their barrier lattice mismatch

rising with decreasing temperature (see Figure 5.9); in contrast, the MWIR sample bar-

riers all show smaller lattice mismatch with the GaSb substrate below T ∼ 480◦C and

in the case of XV0161, the mismatch continues to decrease with T. As such, the prior-

ity in designing a suitable nBn barrier from a structural point of view is to grow it at

thicknesses lower than hc at all T, ie. a barrier should be designed such that its plot in

Figure 5.9 is flat or decreasing with respect to the T axis. In order to complete the pic-

ture of epilayer interaction in these nBn devices, however, asymmetric rocking curve

scans would be necessary in order to obtain a‖ values of the layers and hence quantify

the relaxation of each component of the nBn structure.

FIGURE 5.9: Lattice constant mismatch of the nBn device barriers grown
on GaSb substrates as a function of temperature.
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TABLE 5.4: Summary of the fitting parameters used to characterise sam-
ples grown on native GaSb substrates, fitted on the condition of no relax-
ation, as well as superlattice and barrier growth temperatures. "Primary
SLS" refers to the main set of superlattice peaks in the XRD spectrum,

and "Secondary SLS" refers to any split peaks, if present.

Sample XV0161 XV0576 XV0650 XJ0292 XV0552

Primary SLS
dInAs (nm) 4.60 5.71 3.63 5.21 7.42

dInAs1−xSbx (nm) 4.65 7.27 4.63 1.57 3.19

xSb 0.178 0.16 0.158 0.4 0.31

Secondary SLS
dInAs (nm) - 5.83 3.53 5.78 7.8

dInAs1−xSbx (nm) - 7.43 4.51 1.74 3.36

xSb - 0.161 0.21 0.42 0.32

dabsorber (µm) 4.4 4.3 8.7 3.3 4.1

TSLS (◦C) 432 427 427 393 410

Barrier AlAs0.12Sb0.88 Al0.90Ga0.10As0.0.06Sb0.94 Al0.90Ga0.10As0.06Sb0.94 Al0.58Ga0.42Sb Al0.95Ga0.05Sb

dbarrier (nm) 46 110 110 51 81

Tbarrier (◦C) 470 427 427 458 410

Dual-colour nBn detector on GaSb

A simple dual-colour nBn detector can be devised by substituting an absorber layer de-

signed for lower wavelengths in place of the contact layer of the device. Thanks to this

stacked architecture no filters or mirror arrangements are needed to separate incident

light into the relevant absorption bands, as the MWIR absorption layer is transparent to

longer wavelengths. Extraction of carriers from the top absorber takes place at positive

voltage values.

A dual-colour InAs/InAs1−xSbx nBn device (QA504) was grown on the VG V80-H sys-

tem with a target xSb = 0.36 in the LWIR absorber and a target xSb = 0.28 in the

MWIR one. The structure was n-doped at 4.1 × 1016 cm−3. The XRD spectrum can

be seen in Figure 5.10 and the full summary of the structure in Table 5.5. Unlike single-

bandwidth samples described earlier, this structure incorporates an AlxGa1−xSb bar-

rier with a stepped composition designed to minimise any valence band offsets. This is

achieved in seven growth stages in which the gallium source temperature is kept con-

stant while TAl is increased in 10◦C steps, with accompanying increases in Tsub and Sb

valve position to ensure optimal crystal quality and sufficient Sb flux on the surface. Be-

cause the sticking coefficient of both Al and Ga is unity, a weighted average aluminium

fraction can be calculated as 0.49; this is in good agreement with the XRD barrier peak
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identified at -890" (see Figure 5.10) and fitted with xAl = 0.52 at full strain. However,

the position of the 0th peak of the LWIR absorber is appreciably displaced from the

substrate by about 170", pointing to presence of relaxation in the layer. In addition, a

third set of peaks with a very high Sb content and a periodicity closely matching that of

the LWIR superlattice can be identified. Considering that the superlattice was designed

to be strain-balanced and that its absorber is relatively thin (∼900 nm), a likely expla-

nation for the relaxation lies in the substrate temperature at the time of growth which,

at 425◦C, is unoptimised for the target xSb = 0.36 as discussed in Section 5.3, or Sb seg-

regation to the growth surface. Another explanation may lie in the uncharacteristically

large growth rate ratio of group V to III (2.8 ML/s and 1 ML/s) used at this stage of

the recipe. Because of these factors, the fitting parameters proposed in Table 5.5 are an

estimate based on the growth parameters and the spectral response results (see Section

6.2) rather than an accurate representation of the structure.

FIGURE 5.10: A coupled XRD scan of the dual colour sample QA504,
grown on a GaSb substrate.
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TABLE 5.5: Summary of the structural parameters of the dual-colour nBn
sample QA504.

dInAs (nm) dInAsSb (nm) xSb dlayer (nm) Tgrowth (◦C)

MWIR SLS 4.78 2.35 0.275 927 425

LWIR SLS 6.85 2.03 0.35 932 425

Barrier - - stepped 44 425 - 460

Transmission Electron Spectroscopy

Samples XV0161 and XJ0292 were further characterised by Richard Beanland at War-

wick University using transmission electron microscopy, according to the method out-

lined in Section 4.2.2. A cross-sectional 2kX bright-field image of XV0161 can be seen

in Figure 5.11, showing excellent crystallinity across the entire structure of the sam-

ple. A 100kX dark-field image of the barrier region can be seen in Figure 5.12. The

compressed right-hand side of the image reveals a noticeable roughness of the upper

barrier-superlattice interface compared to other interfaces, as well as very slight bow-

ing of the superlattice layers. Because the critical thickness of the barrier at growth

temperature is half of the actual thickness (see Table 5.3), this could have caused partial

relaxation not evident in symmetric XRD scans, and subsequent defects like stacking

faults. A high-contrast line terminating the barrier region (corresponding to a change

in atomic number Z with respect to the layers surrounding it) can also be observed in

the dark-field image, likely corresponding to unintended incorporation of Sb into the

first InAs layer following the AlAsSb barrier, which is further confirmed by a spike in

group V intensity immediately following barrier growth (see the HAADF data in Fig-

ure 5.13; note that the data is not resolution-limited as the measurement spot size was

< 0.1 nm151). This could be due to either Sb segregation to the surface of the barrier,

or incorporation of Sb remaining on the barrier surface following the 3 minute Sb soak

before top contact growth (or a mix of both). However, the most significant feature

revealed by group V intensity data is a non-abruptness of InAs/InAs1−xSbx interfaces

that spans 2-3 nm, effectively introducing a Sb gradient across most of the well in this

particular sample. Assuming Sb segregation to the surface during growth, it is possible
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FIGURE 5.11: A cross-sectional 2kX bright-field transmission electron
microscopic image of sample XV0161.

FIGURE 5.12: A cross-sectional 100kX bright-field transmission electron
microscopic image of sample XV0161, showing the barrier region and the
absorber and top contact superlattices. Inset: a magnification of several

top contact superlattice layers.

to employ the Muraki model152 to characterise the Sb and As gradients across the

SLS interfaces. The elemental fraction xn as a function of monolayer number n for a

well with N monolayers can be calculated using
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xn = x0(1− Rn) for 1 ≤ n ≤ N inside the well

xn = x0(1− Rn)Rn−N for N ≤ n inside the barrier
(5.5)

Here x0 is the intended fraction, and R is the segregation probability R =exp(−d/λ)

where d is half the lattice constant of the segregated-to layer, and λ is the so-called

segregation length - the distance it takes for the element to decay by 1/e. This last

quantity can be obtained from the gradients of group V intensity peaks as demonstrated

in the Figure 5.13 inset. The first InAs1−xSbx peak was excluded from calculations as

it is the most likely one to be affected by the memory of the Sb barrier soak. The fits

from the remaining peaks were averaged to values of λAs = 0.90± 0.07 nm and λSb =

0.97± 0.10 nm; in addition to this, human error due to noise in the gradient data was

estimated to be ±0.08 nm. Due to these two factors it is more reasonable to say that

both segregation lengths are the same within their uncertainties.

FIGURE 5.13: Group V intensity extracted from HAADF transmission
electron microscopy data of sample XV0161 as a function of distance
from the top of the barrier layer. An attempt was made to match the layer
thicknesses extracted from XRD fits to the intensity peaks (coloured seg-
ments). Inset: Extraction of segregation length from the peak gradients.

This becomes more evident when segregation probability R is calculated for each

gradient and then averaged, giving RSb = 0.72± 0.02 and RAs = 0.73± 0.03. Inserting
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these results into Equations 5.5 gives the equivalent xSb value across the two superlat-

tice interfaces (Figure 5.14 ). According to these results, the Sb fraction does not reach

the intended value for 2.0-3.0 nm of the layer thickness, which places practical limits on

the minimum superlattice layer thickness.

FIGURE 5.14: The gradient in Sb fraction across the InAs1−xSbx and InAs
layers in sample XV0161, converted from group V intensity data using

the Muraki model.

Elemental segregation during growth is a two-dimensional process that occurs on

surfaces only rather than inside bulk152,153, therefore it is reasonable to expect λ to be

the same for superlattices of different periods so long as they are grown with the same

deposition rate. Hence, the above analysis and the magnitude of the graded interface

region is expected to apply to all samples discussed in this work.

A 3kX dark-field image of the high-Sb sample XJ0292 can be seen in Figure 5.15. As

in the case of sample XV0161, no defects are evident in the entire cross-section of the

device. However, an inspection of a 100kX dark-field image of the barrier region reveals

a thicker period of the top contact superlattice when compared to the absorber one. A

simple demonstration of this can be seen in Figure 5.16, where a section of the image

containing the absorber superlattice is pasted onto the top contact SLS such that the

bottom InAs1−xSbx layers align, then the superlattice periods are counted for both. It

can be seen that for each 9 periods of the top contact SLS there are 10 periods of the

absorber one.
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FIGURE 5.15: A cross-sectional 3kX dark-field TEM image of the high-Sb
sample XJ0292 on GaSb.

FIGURE 5.16: A cross-sectional 100kX dark-field image of the region
around the XJ0292 barrier. A simple comparison of the SLS periods was
carried out: a section of the bottom superlattice is pasted onto the top

superlattice, and the periods counted.

This aligns closely with the sample’s split peak XRD results (see Figure 5.8 and Table

5.4): the ratio of dInAs and dInAsSb in the primary SLS to those in the secondary SLS is 0.9

for both, confirming the origin of the splitting. Its origin does not appear to be related
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to the barrier design or growth: Al0.85Ga0.42Sb is similarly well lattice-matched to the

AlAs0.12Sb0.88 barrier in Sample XV0161 (see Figure 5.9); in addition, unlike the latter,

the XJ0292 barrier hc at growth temperature is very close to the actual barrier thickness

(see Table 5.3). Finally, the unstrained Al0.85Ga0.42Sb lattice constant is 6.12 Å at 300 K

and 6.14 Å at growth temperature; therefore, if the barrier relaxed, the fully strained a⊥

of the top contact superlattice would be smaller than that of the absorber superlattice,

resulting in a smaller period. No section of the structure shows dislocations or defects

indicative of relaxation that could force growth on a different lattice constant. Hence, a

tentative explanation could be changing growth conditions: for example, if the indium

cell temperature drifted during the barrier growth stage (an increase of 10% in growth

rate would require a temperature rise of ∼ 5◦C), perhaps due to temperature transients

that could result due to an extended period of the indium shutter being closed while

barrier growth progresses.

5.4.4 InAs/InAs1−xSbx growth on lattice-mismatched GaAs

This Section details the structural analysis of samples grown on GaAs using GaSb and

AlSb buffer layers.

5.4.5 Growth on a GaSb buffer layer

The sample structures grown on GaAs substrates with buffer layers were characterised

using the same XRD techniques as those in Section 5.4.3. Figure 5.17 shows the coupled

symmetric scans of the MWIR samples XV0154, 0159 and 0160. These undoped epi-

layer samples were all grown on 325 nm of GaSb buffer layer and with the same target

xSb = 0.18, as well as the same dInAs to dInAsSb ratio of 1:1; however, the actual layer

thicknesses were varied in order to study the effect of superlattice layer thicknesses on

their bandgap values. As a result, sample XV0154 is the thinnest, XV0160 has a super-

lattice period 2.2 times that of XV0154, and XV0159 has 3.3 times the period (full fitting

parameters can be seen in Table 5.6).
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TABLE 5.6: Summary of the fitting parameters used to characterise epi-
layer samples grown on GaSb buffer layers on GaAs substrates, fitted on
the condition of no relaxation, as well as the superlattice growth temper-

atures.

Sample XV0154 XV0160 XV0159 XV0547 XV0234

dInAs (nm) 2.10 4.62 6.87 7.05 5.20

dInAsSb (nm) 2.14 4.74 7.03 3.09 1.56

xSb 0.176 0.174 0.178 0.257 0.377

dabsorber (µm) 0.70 0.78 0.76 0.74 0.74

TSLS (◦C) 424 424 424 410 413

FIGURE 5.17: Coupled XRD scans of MWIR samples grown on GaAs
substrates and GaSb buffer layers (black), and their modelled structures

(blue).

This is evident from the spacing of the superlattice peaks in Figure 5.17 which de-

creases with increasing period thickness. The signal from the GaSb buffer cannot be

discerned from the broad 0th superlattice peak, however based on the GaSb buffer
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study presented in Section 5.4.2, a 325 nm epilayer of GaSb is 97.6% relaxed and is lo-

cated at -9773" with respect to the GaAs substrate. By inspection, the 0th superlattice

peaks of these three samples lie in the range -9755 to -9765" with respect to the GaAs

peak, which suggests that the relaxation of these layers is extremely low.

For completeness, Figure 5.18 also shows two examples of XRD spectra for high-Sb

samples XV0547 (xSb = 0.257) and XV0234 (xSb = 0.377). Although no numerical anal-

ysis of the FWHM values was performed, it is clear that all samples grown on buffer

layers have a degraded crystal quality when compared to the same structures on GaSb,

most likely caused by the increased density of misfit dislocations (which tend to origi-

nate at the interface of the substrate and the highly lattice-mismatched epitaxial layer154

and the local strain resulting from their presence).

FIGURE 5.18: Coupled XRD scans of LWIR samples grown on native
GaSb substrates (black), and their modelled structures (green).

5.4.6 Growth on an AlSb buffer layer

As demonstrated in Figure 5.3 in Section 5.1, it is possible to strain-balance a high-Sb

(∼0.35) superlattice at approximately 1:1 monolayer ratio when the substrate lattice

constant is aAlSb. This is in contrast to aGaSb, which beyond xSb ∼ 0.18 requires in-

creasingly thicker dInAs to strain-balance the SLS cell. In order to test the feasibility

of growing an nBn device on an AlSb buffer, a test device was grown at 1:1 ML ratio

incorporating xSb = 0.33.
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TABLE 5.7: Summary of the fitting pa-
rameters used to characterise the nBn
device sample XV0208, grown on an
1.1 µm AlSb buffer layer. The super-
lattice and the barrier were both fit-
ted fully strained, while the AlSb layer

was fitted at 97.8% relaxation.

Sample XV0208

dInAs (nm) 3.99

dInAsSb (nm) 4.09

xSb 0.33

dabsorber (µm) 3.1

TSLS (◦C) 430

Barrier Al0.75Ga0.25Sb

dbarrier (nm) 54

Tbarrier (◦C) 468

The coupled XRD scan can be seen in Fig-

ure 5.19, demonstrating the same peak broaden-

ing associated with growth on relaxed buffer lay-

ers. The AlSb buffer was grown to a thickness of

1.1 µm, resulting in its 97.8% relaxation as out-

lined in Section 5.4.2. Just like in the case of SLS

growth on the GaSb buffer, the 0th order superlat-

tice peak is shifted away from the position of the

buffer layer, however this time the shift is about

300" as opposed to ∼ 30”, pointing to a more se-

vere relaxation of the superlattice proper. This

is expected, however, due to the fact that unlike

the GaSb buffer samples, the XV0208 superlattice

is not correctly strain-balanced at its xSb = 0.33,

leading to partial relaxation. The full fitting pa-

rameters and relevant growth conditions can be

seen in Table 5.7.

The effect of using a lattice-mismatched substrate for epitaxial growth of a superlattice

structure can be fully appreciated in the TEM images of the same sample, seen in Figure

5.20: presence of misfit 60◦ threading dislocations is clear. Misfit dislocations, which re-

lieve strain associated with growth beyond hc, in {001} crystals nominally form in the

<110> directions, however at large enough (>1%) lattice mismatch they are expected to

form a much more irregular dislocation pattern near the lattice-mismatched interface

due to initial island growth of the mismatched layer154.
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FIGURE 5.19: Coupled XRD scans of LWIR samples grown on native
GaSb substrates (black), and their modelled structures (orange).

This occurrence is evident when examining the GaAs-AlSb interface in Figure 5.20

(left), which is found to be the source of most dislocations in the structure as well as

have the largest density of them. In addition, due to the latent lattice mismatch between

AlSb and the superlattice, the interface between the two also acts as a defect source with

the more typical <110> dislocations forming.

FIGURE 5.20: Dark-field transmission electron miscrocopy images of
sample XV0208 with 3kX (left) and 10kX (right) magnification. Misfit
dislocations are evident in the structure, especially at the buffer-substrate

interface.
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The magnified right-hand side image of Figure 5.20 shows the barrier region of

the nBn, with a relatively lower dislocation density, likely because any residual strain

between the SLS and the buffer layer would have been relieved via relaxation in the

lower portion of the absorber. Nevertheless, deleterious threading dislocations (which

tend to form together with misfit dislocations155) are still present.

5.5 Conclusions

The first part of this Section (5.1) focused on outlining the design principles of an

InAs/InAs1−xSbx superlattice such that a strain-balanced structure with a desired fun-

damental bandgap Eg is achieved. In particular, the potential advantages of growth of

high-Sb SLS on aAlSb instead of aGaSb are outlined.

In Section 5.2 the design choices for an effective InAs/InAs1−xSbx nBn device are pre-

sented, including barrier design, appropriate layer thicknesses, and n-doping density.

All these considerations are then incorporated into a molecular beam epitaxy growth

recipe in Section 5.3.

Structural characterisation of representative samples follows in Section 5.4, primarily

including X-ray diffraction analysis; three nBn devices, XV0161 and XJ0292 grown on

native GaSb and XV0208 grown on an AlSb buffer layer, are also analysed via transmis-

sion electron miscroscopy.

Because the epilayer SLS samples are grown on lattice-mismatched GaAs substrates

with the use of AlSb or GaSb buffer layers, these buffer layers are first grown and char-

acterised separately in order to quantify their relaxation as a function of thickness (Sec-

tion 5.4.2). GaSb is found to relax 99.2% towards its native a at a thickness of 670 nm,

however the AlSb buffer reaches a plateau of ∼ 97.5% at 570 nm that continues up to

1.1 µm. In addition, non-uniformity of xSb across a 1/4 wafer is quantified and shown

to be negligible for samples grown on GaSb wafers, however buffer-grown samples

demonstrate a variation of up to 0.7%, possibly due to spatially uneven relaxation of

the buffer itself (Section 5.4.1).
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Next, in Section 5.4.3 nBn devices grown on native GaSb are characterised. The coupled

XRD scans show well-defined, narrow superlattice peaks pointing to very good crys-

tallinity and strain balance. High resolution scans, however, reveal ’split’ superlattice

peaks pointing to presence of slightly structurally different superlattices. The possible

explanations for this are explored; it is found that that the samples with the best XRD

characteristics (XV0650 and XV0576) have barrier thicknesses under hc at all temper-

atures. A dual-colour nBn device on GaSb with a stepped-composition barrier is also

demonstrated, however its heavily split XRD spectrum suggests that pseudomorphic

growth was not achieved.

In the following Section 5.4.3, one MWIR and one LWIR nBn device grown on GaSb

are characterised using transmission electron miscroscopy. The samples are shown to

be entirely discloation-free, supporting the XRD results. More significantly, group V

intensity as a function of thickness was characterised for sample XV0161, revealing a

non-negligible Sb gradient across the SLS interfaces; the Muraki model152 was then em-

ployed to find a segregation length of λSb ∼ 0.95 nm.

A LWIR sample XJ0292 was also characterised via TEM, showing similarly dislocation-

free structure. However, a comparison of the absorber to contact superlattice periods

showed the latter to be about 11% thicker - this potentially explains the origin of the

secondary XRD SLS peaks as their period is larger by the same amount.

In Section 5.4.4, all samples grown on buffer layers exhibit peak broadening. For epi-

layers grown on GaSb buffers, the displacement of the 0th order SLS peak from the

GaSb buffer peak is negligible, indicating little to no relaxation. The nBn device XV0208

grown on AlSb, however, shows a peak displacement of about 300". Degraded crystal

quality is confirmed in TEM images which show an array of misfit and threading dis-

locations, concentrated mostly around the two AlSb interfaces.

5.5.1 Future work

In the future, the simplest way of improving the understanding of these structures

would be to implement asymmetric rocking curve scans using the Bede QC200 XRD
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system. This would give access to the a‖ values of the samples, which together with a⊥

could be used to quantify layer relaxation. In order to further improve crystal quality

of the superlattices, substrate growth temperatures could be further optimised. Min-

imising dislocation density in buffer layer samples is unlikely (and impractical) to be

achieved by simply thickening the buffer layer; instead, SLS dislocation filters promise

a more practical approach156. This is particularly pertinent to growth based around

the AlSb lattice constant: a well-designed dislocation filter, rather than a simple buffer,

appears to be the necessary next step to achieving functional devices. Finally, barrier

quality could be improved by ensuring dbarrier < hc at all relevant temperatures, and

that abarrier is as closely lattice-matched to the substrate as possible within the nBn de-

sign parameters.
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Chapter 6

II. Results and discussion: Optical

Properties

Three optical properties of the samples were measured in order to characterise the

wavelength response and bandgap behaviour of InAs/InAs1−xSbx superlattices. Tem-

perature dependent absorption coefficients of the undoped InAs/InA1−xSbx superlat-

tices were calculated from transmission measurements performed on a Fourier Trans-

form Infrared spectrometer, and the temperature dependence of the fundamental bandgaps

Eg(T) was then extracted; this is outlined in Section 6.1.1. Spectral response of the nBn

devices, and the extracted Eg(T) are presented in Section 6.2. Finally, three MWIR epi-

layer samples were characterised at 4 K using photoluminescence (Section 6.3). The

resultant Eg(T) datasets are then modelled with the use of the single-oscillator temper-

ature dependence model described in Section 2.1.2 and the calculated parameters are

related to the more commonly used Varshni model in Section 6.4. Finally, the Kronig-

Penney model (Section 2.1.2) is combined with the Eg(T) data to calculate the band

structure, band positions and band offsets of the undoped epilayer samples in Section

6.5.

6.1 Fourier Transform Infrared Spectrometry

This Section details transmission measurements performed on undoped superlattice

epilayers, and the resultant fundamental bandgap Eg(T) temperature dependencies.
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6.1.1 Transmission

Transmission spectra for various samples at different temperatures were obtained using

the Vertex 70 Fourier Transform IR spectrometer (see Section 4.3 for the method). The

measurements were taken either at room temperature by mounting the samples on a

magnetic plate, or by installing the specimen in an LN2-cooled cryostat and obtaining a

set of temperature-dependent spectra. Because the inclusion of the cryostat introduces

significant additional factors into the measurement, this Section as well as 6.1.2 are

divided into two parts based on each method.

Transmission at 300 K

Figure 6.1 shows example transmission spectra obtained from Samples XV0160, XV0545

and XV0443. Atmospheric absorption bands can be observed at several points, includ-

ing H2O in the atmospheric window (roughly 5 to 8 µm) and a CO2 peak at ∼14.5

µm. It is prudent to note that a mid-infrared source FTIR equipped with a KBr beam-

splitter is unsuitable to analyse spectra beyond ∼ 17 µm, due to severely decreased

intensity of the blackbody source and poor efficiency of the KBr beamsplitter at these

wavelengths137.

The majority of radiation not transmitted can be attributed to thickness-independent

Fresnel reflection in the GaAs substrate, described by Equation 2.33 where the extinc-

tion coefficient kGaAs is 0 for the entire range under consideration (see Figure 6.3).

However, when the thickness of a layer begins approaching light wavelengths in

free space, Fabry-Perot fringes can form due to constructive and destructive light in-

terference. Therefore, in order to aid their identification in the experimental spectra

a model designed by Steven J. Byrnes157 is used, which implements a series of classi-

cal equations using a transfer matrix method to calculate propagation characteristics

across a stack of variable-thickness layers. The relevant input is the layer thicknesses,

the coherence characteristics of each layer (an incoherent layer is thick and non-uniform

enough to average out the Fabry-Perot fringes - in this case, only the substrate), and
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FIGURE 6.1: Example transmission spectra obtained at room tempera-
ture using an FTIR.

heavy hole well and barrier thicknesses in the superlattice. Refractive index as a func-

tion of wavelength data was collated from a number of sources54, including the imag-

inary extinction coefficient k for GaAs, InAs and GaSb, which however decay to 0 at

comparatively short wavelengths and play no further role in the analysis of funda-

mental SLS bandgaps. The refractive index of a ternary is a function of the material’s

composition; therefore, nInAsSb at xSb=0.20, 0.25, 0.30 and 0.35 were interpolated from

data found in Paskov et al55. The real effective refractive index of the superlattice is

calculated using Equation 2.3553. Although IR beam divergence is likely to be present

in all the measurements, only light at normal incidence is modelled. A resultant output

from the calculation can be seen in Figure 6.2 overlaid with the experimental spectrum

of the two samples XV0160 and XV0443. For both samples, slight offset is observed

with respect to the experimental peaks, likely due to the difference between the real

and modelled xSb values and other simplifications. The real peaks are also broader,

most likely owing to the non-ideality of the superlattice interfaces as discussed in Sec-

tion 5.4.3, causing the thin films to be only partially coherent. For the MWIR sample

XV0160, assuming that the fundamental absorption edge begins around 6.5 µm (as de-

rived later in Section 6.5), two useful observations can be made. First, apparent ab-

sorption at wavelengths beyond 7 µm can be at least partially attributed to free carrier
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absorption52,158 and possibly deep state absorption159; second, the characteristic ’knee’

at ∼ 3.5 µm, is more likely to be due to a higher-band transition rather than a reflection

artifact, because none of the layers in the structure have thicknesses conducive to mul-

tiple reflection. The latter observation can also be made for sample XV0443. All other

fringes at shorter wavelengths appear to be attenuated by the absorptive and non-ideal

properties of the superlattices.

FIGURE 6.2: Comparison between the transmission data and its mod-
elled curve for the samples XV0160 and XV0443. Absorption due to the
superlattice is not included in the model, causing the rising offset be-

tween the two curves.

In order to extract the absorption coefficients of the superlattices (see Section 6.1.2),

the sample spectra need to be normalised with respect to the non-superlattice layers.

All the samples in this work are normalised to the spectra of semi-insulated GaAs sub-

strates, rather than to GaSb buffer layers grown on GaAs. The reason is evident from

Figure 6.3: the presence of a thin layer of GaSb introduces reflection artifacts not present

in the superlattice samples since the GaSb buffer layer in the latter does not form an in-

terface with air. As GaSb is not expected to contribute to absorption at wavelengths

of interest here, it is excluded from normalisation. The increased transmission feature

of GaAs at ∼ 1.5 µm is not due to specimen reflection and disappears in GaAs spectra

taken in the cryostat, pointing to its origin in the apparatus.
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FIGURE 6.3: Left: 300 K transmission spectrum of a 310 nm GaSb buffer
layer grown on a semi-insulated GaAs substrate. Right: the spectrum of

a SI GaAs substrate only.

Transmission below 300 K

The transmission lineshape of a specimen is susceptible to variations in experimental

conditions, and so care needs to be taken when introducing additional instruments into

the measurement and analysing the resultant spectra. The inclusion of a cryostat mount

in the beam path has several potential effects on either the magnitude or shape of the

spectrum, which can be due to additional reflection paths, unaccounted for absorptive

layers, or potentially inconsistent sample placement in the beam. The additional reflec-

tive/absorptive components are the ZnSe transmission windows (with no AR coating),

the polished copper sample holder (chosen for its thermal conductivity), the acrylic

sample plate, and the vacuum-grade aluminium foil used to shield the chamber from

any outgassing of thermal grease (discussed below). The reflectivity of copper is a

constant near-100% in the optical range under consideration160, while the transmission

of uncoated ZnSe is a constant 70%. However, transmission of acrylic in the infrared

region is wavelength-dependent161 and potentially entirely opaque. Therefore, if the

alignment of the sample plate with respect to the window is inadvertently changed be-

tween the reference and the sample measurements, it could lead to a modulation of the

total amount of IR light reflected and cause a baseline error in the transmission data.

Additionally, the holder and sample assembly take a non-negligible amount of time
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to thermally settle at a desired temperature and as such, in order to ensure good ther-

mal contact of the copper sample holder with the cryostat, the holder components are

coated with cryogenic vacuum grease; this, however, appeared to occasionally intro-

duce thin films of grease on the windows and the sample the first time the grease was

introduced into vacuum, possibly through outgassing of trapped air. This was sub-

sequently eliminated by wrapping the greased area with aluminium foil. In order to

identify instrumental artifacts, a series of measurements without sample proper were

taken. Figure 6.4a) shows reflective fringes resulting from the ZnSe transmission win-

dows (red), the copper and perspex sample holder (black), and the Al foil (blue). The

modulation of the spectrum by the foil is unexpected and is more likely due to the fact

that the foil obscures some of the reflective copper plate when included. All the reflec-

tion fringes can be eliminated from the spectra by very carefully handling the cryostat

between taking the reference measurement and installing the sample, so the alignment

of all components remains unchanged. Similarly, it is preferable to take all relevant

measurements as closely to each other in time as possible.

The wavenumber axis can be affected primarily by two factors: the position of the sam-

ple in the beam, and the size of the sample aperture. This is because in a real FTIR

system, the beam of light entering the interferometer is never perfectly collimated since

this would require an ideal point source. This results in the presence of divergent light

rays with an apparent wavelength shorter than the rays in the centre of the beam. In the

optimal factory-supplied configuration (used for the measurements in Section 6.1.1),

the sample surface is located in the centre of and perpendicular to the beam focus as

seen in Figure 4.5, which minimises any influence of beam divergence. The custom-

made cryostat sample holder, however, introduces an offset of about 1 cm from the

beam image plane, and also has a rotational axis. Therefore, it is necessary to ensure

that the holder position is preserved exactly the same when handling the cryostat be-

tween the reference and sample measurements, because an off-centre sample placement

(as well as planar misalignment with the beam) can introduce shifts in the wavenumber

axis137.
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In addition to transmission artifacts of cryostat components, the effect of placing a 4

mm aperture at the sample beam focus was also measured. This was done by obtaining

the 300 K spectrum of a polystyrene optical filter at 4 cm−1 resolution with and without

the aperture present (Figure 6.4 b)). The instrument aperture was set to 6 mm, which is

standard for all measurements in this work. As expected, no measurable wavenumber

shift occurs due to the presence of an extra aperture.

FIGURE 6.4: Left: the normalised transmission spectra of various cryo-
stat components, showing their reflective fringes. Right: The spectra of
the polystyrene optical filter with and without the 4 mm aperture in-
stalled inside the sample compartment, showing no wavenumber shift

due to the presence of the aperture.

Due to the number of measurements required to obtain a single absorption coef-

ficient spectrum (ie. background measurement for the substrate followed by the sub-

strate measurement, followed by the same sequence for the sample proper) it is nec-

essary to be able to differentiate baseline errors incurred by measurement or contam-

inated sample surface, and genuine absorption features near the bandgap. The latter

includes the following processes, in order of magnitude: free carrier absorption below

the bandgap52, doping and shallow impurity states (which combine into the Urbach

absorption tail, discussed in detail in Sections 2.1.3 and 6.1.2); heavily localised deep

states159; and near-bandgap exciton states decaying into a constant α offset20. The latter

two are not expected to exceed ∼ 101 cm−1 in magnitude and thus cannot be resolved
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in the transmission data in this work. Free carrier absorption manifests itself as an (of-

ten monotonically increasing with wavelength) absorption feature located several tens

of meV below the optical bandgap, and can be discarded from analysis. In contrast

to these intrinsic mechanisms however, which can be either discounted due to their ir-

resolvably small α value (deep state and exciton transitions) or easily identified (free

carrier absorption), instrumental baseline errors can be non-negligible and vary from

measurement to measurement. These have been identified to arise almost exclusively

from the inclusion of the cryostat and its in-house built sample holder in the appara-

tus. First, it has implications for the geometry of the beam path. Unlike the supplied

Bruker holder for room-temperature measurements, the custom holder has a rotational

axis, and so the perpendicularity of the beam path and the holder aperture needs to be

judged by eye every time the holder is installed. In addition, the holder aperture is dis-

placed from the beam focus. The combined effect of these two factors on detected beam

intensity can be qualitatively appreciated in Figure 6.5: the rotation of the sample away

from perpendicular alignment with the beam path will cause a lateral shift in the beam,

which will subsequently fail to focus on the detector; similarly the displacement of the

sample towards the IR source and away from the beam focus shifts the focus towards

the mirror. In both cases transmission of the sample would be underestimated due to

signal loss.

FIGURE 6.5: Effects of sample misalignment in the FTIR optical beam
path. a) Sample rotation causes a lateral shift in the transmitted beam
path with respect to the mirror, and effectively the detector element. b)
A visual approximation of two separate factors: non-negligible sample
thickness, and sample placement in front of the beam focus. In both cases
the beam focus is translated forwards. Figures adapted from Bruker Ap-

plication Note162.
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In a related scenario, some conditions can change between the reference and sample

measurement taken on the day. For example, thermal grease (despite being vacuum-

graded) has been observed to evaporate at an unknown rate (probably due to expansion

of trapped air pockets) and form a layer on the ZnSe windows and the sample; this

however was addressed with the introduction of covering Al foil.

6.1.2 Analysis of absorption coefficients

Magnitudes and features at 300 K

By normalising the transmission spectrum of a non-device sample to that of semi-

insulating (SI) GaAs it is possible to derive the absorption coefficient spectrum of the

superlattice. This is done by solving Equation 2.32 (which takes into account mutliple

reflections in thin films52) numerically. In this context, the superlattice transmission is

defined to be I/I0, where I is the spectral data of the sample, and I0 that of SI GaAs

obtained at the same temperature. Reflectivity Rs is calculated with the use of Equation

2.33; and even though the extinction coefficient kSLS is unknown, it can be realised that

(1± nSLS)
2 � k2

SLS when the absorption coefficient α is of the order of ∼ 103 cm−1 and

below, which is true for the parts of the spectrum that are of interest. As such, kSLS can

be taken to be 0.

Three typical examples of absorption coefficient spectra taken at 300 K can be seen in

Figure 6.6 a). The dependence of the position of the absorption edge on xSb is evi-

dent, and will be discussed in detail in Section 6.5. It is worthwhile to further analyse

the α spectra in this work in comparison to other prominent detector structures op-

erating in the IR region: bulk HgCdTe and InAs/GaSb type-II superlattices; as well

as related low-bandgap alloys InSb and InAs1−xSbx (all of which are direct bandgap

systems8,16,30,49,77).
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FIGURE 6.6: Absorption coefficient spectra of three samples (colour), ob-
tained at 300 K, and literature comparisons (black). a) The data from
this work. b) Bulk Hg1−xCdxTe epilayers with different compositions7,76.
c) InAs/GaSb T2SL grown on GaSb substrates with varied superlattice

periods163. d) Undoped bulk InSb and InAs0.911Sb0.089
5,42.

Typical α spectra for these systems can be seen in Figure 6.6, overlaid in black

over the InAs/InAs1−xSbx data from this work. 6.6 b) shows the room-temperature

spectrum of a number of undoped bulk Hg1−xCdxTe thin films (two MWIR5 and one

LWIR76). 6.6 c) shows three InAs/GaSb T2SL spectra (taken at 280 K) grown on GaSb

with varied superlattice periods163. And finally, 6.6 d) shows the two bulk III-V mate-

rials: the absorption curve of bulk InSb5 as well as InAs0.911Sb0.086
42, each with a cut-

off in the MWIR region. It becomes immediately apparent that the magnitude of the

absorption coefficients of the InAs/InAs1−xSbx epilayers is very comparable in mag-

nitude and behaviour to that of the other materials: the onset of fundamental transi-

tion of these superlattices occurs near α ∼ 103 cm−1 and rises to a magnitude of 104

cm−1 across the infrared range of photon energies. Interestingly, the long-wavelength
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Hg0.83Cd0.17Te sample shows a gradient of fundamental absorption that is very similar

to that of sample XV0443, although the bulk nature of the conduction band ensures a

monotonic increase of α while the XV0443 absorption demonstrates the more step-like

nature of superlattices. Also, as a direct consequence of the miniband superlattice band

structure, Tian et al163 find the form of αInAs/GaSb to vary in response to the thickness of

the GaSb barrier in three InAs/GaSb samples (see Figure 6.6 c)), an effect also observed

in the InAs/InAs1−xSbx epilayers and further discussed in Section 6.5.

Extraction of the fundamental bandgap Eg

Figure 6.7 shows the absorption coefficient of sample XV0545 obtained at 300 K and

normalised to a SI-GaAs substrate.

FIGURE 6.7: The absorption coefficient α spectrum of the sample XV0545,
obtained at room temperature. The inset shows the same data plotted on

a linear scale as a function of photon energy.

A sharp onset of absorption can be observed at ∼ 9µm which eventually becomes

shallower. This behaviour is characteristic of quantised energy minibands and steps

in the density of states; the decreasing gradient of the onset would be indicative of a

decaying wavefunction overlap42. However, the features such as the valley at ∼ 4.7µm
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could be a reflection artifact as Equation 2.32, which aims to account for multiple inter-

nal reflections, assumes an air-sample-air interface, whereas the real sample is a struc-

ture with two additional internal interfaces due to the presence of the buffer layer, and

which could introduce second-order reflection effects.

In order to analyse the bandgap region of the absorption, an attempt is made to identify

the so-called Urbach tail of absorption due to sub-bandgap states (see Section 2.1.3). In

the Urbach region, αU assumes an exponential form which manifests itself as a straight

line on a semi-log plot of α(hν), and which can be seen in Figure 6.8.

FIGURE 6.8: An attempt at identifying the Urbach tail of states in the
absorption spectrum of the sample XV0545: a) The linear fits of origi-
nal (blue) and baseline-corrected (grey) data have adjusted R2 values of
about 0.9 and slopes of ∼ 580− 1130, indicating an extremely low value
of EU ; b) a visual inspection of the α spectrum indicates that the Urbach

tail terminates at ∼ 0.140 eV.

The characteristic energy width of the tail EU , which can be understood as the

representation of structural and thermal disorder in the material46, is then equal to

(dln(αU)/dhν)−1. However, when this analysis is applied to the absorption onset re-

gion of the spectrum data, the quality of the linear fit represented by the adjusted R2

value is below only about 0.90, with an extremely low EU value of just under 1 meV.

Upon first inspection, this could be due to a baseline error in the original spectrum

resulting in part of the tail falling under 0 cm−1, which would exclude it from loga-

rithmic analysis. However, the application of a baseline correction to this data, which

results in an EU value of only ∼ 1.7 meV, does not appreciably improve the quality of
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the fit (R2 ∼ 0.92 as opposed to 0.88). Several other explanations are possible. First, EU

inherently increases with doping51; however, the sample under consideration has no in-

tentionally introduced dopants beyond background contamination of the MBE growth

chamber. In addition, this particular sample is well strain-balanced, which would min-

imise any parameters related to structural disorder. However, a study performed by

Bansal et al52 on high quality undoped InAs1−xSbx crystals (xSb ≤ 0.05) finds the EU

value at 300 K to be ∼ 40 meV, which the authors establish to be due to fundamental

alloying-induced disorder (similarly, the lowest observed Urbach parameter of highly

crystalline undoped GaAs at room temperature has been reported as ∼7 meV46); and

because samples like XV0545 are more complex structures grown on mismatched sub-

strates which is known to cause dislocations (as per Section 5.4.4), its EU would be

expected to be higher. As such, it is possible that at least part of the true Urbach tail is

obscured due to a baseline offset in α introduced when normalising the sample spec-

trum to that of GaAs, a proposition supported by observing a region of negative value

of α(hν) near 0.130 eV in Figure 6.8 b), and by inspecting the region just beyond 0.130

eV, which demonstrates a weakly exponential behaviour. Although EU cannot be cal-

culated reliably, in both graphs presented in Figure 6.8 the exponential region appears

to terminate near hν = 0.140 eV, falling in the α range below 100 cm−1 which is of the

same order of magnitude as the one in the study by Bansal et al52. Therefore, on the

assumption that this analysis is sufficient, hν = 0.140 eV is chosen as the cross-over

energy between Urbach and band-to-band absorption.

It is informative to plot α as a function of photon energy hν, in line with Equations in

2.36 for direct and indirect bandgap materials. The inset of Figure 6.7 shows the result

for XV0545 plotted on a linear Y-axis, which, qualitatively, follows the same form as

the αg(hν) function (see Equation 2.32). To better appreciate this observation, and to

consider the fact that Equation 2.32 is defined for energies near the bandgap only, α2
g

and α1/2
g are plotted as functions of hν in Figure 6.9.

By the mathematical definition of αg, a direct-bandgap material will result in a sin-

gle straight line in the α2
g plot. In an attempt to identify Eg, the first section of the α2

g
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FIGURE 6.9: α1/2
g and α2

g of the sample XV0545 in the vicinity of the
bandgap, plotted as a function of photon energy.

spectrum above the Urbach tail but below the atmospheric absorption window that

demonstrates linear behaviour is fitted to a straight line in Figure 6.9. Although the

linearity of the fit is not immediately obvious due to stray bands of atmospheric ab-

sorption, the adjusted R2 value of the fit is 0.97, while the linear region itself is expected

to extend into the atmospheric window as well. Using this method, the fundamental

bandgap Eg is found to be 0.148 eV.

Unlike the direct bandgap spectrum, the case of an indirect bandgap is less straight-

forward due to the presence of two transitions instead of one: Eg ± Eph, corresponding

to both phonon emission and absorption. As such, the α1/2(hν) plot is actually ex-

pected to contain two straight-line regions near the optical bandgap, corresponding to

the two processes57,164, and because the energy of the assisting phonon can only be

±Eph, the value of Eg would then be located equidistant between the x-intercepts of the

two fits. Importantly, the phonon emission process (Eg + Eph) is expected to dominate

near-bandgap absorption due to its increased probability, resulting in a specific form of

α1/2 that can be seen in the inset of Figure 6.1057. It can be appreciated in the same Fig-

ure (bottom) that this behaviour is not reproduced in the α1/2 data for XV0545. A single

linear region between 0.148 eV and the atmospheric window is discernible; this would

be interpreted to correspond to the higher-energy phonon emission process, while the

low-αg absorption appears to be obscured by the same measurement artifact that causes
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the abnormally steep Urbach tail. As such, Eg + Eph = 0.126 eV with the true indirect

bandgap located below that.

FIGURE 6.10: The two linear fits of α2
g (top) and α1/2 (bottom) of sam-

ple XV0545 in the region of the bandgap. The Urbach tail is taken to
terminate near 0.140 eV. Only one linear fit is possible for α1/2

g , which
is thought to correspond to the phonon emission transition. The inset

shows the expected behaviour of α1/2.

This analysis was applied to a number of sample spectra with different xSb and

superlattice structures, taken at room temperature without the use of a cryostat. The

location of the first straight-line absorption feature was consistently found to occur in

the 1 − 4 × 103 cm−1 range of the absorption spectrum, which is in agreement with

values found for InAs/InAs1−xSbx superlattices165 and other similar structures as noted

in the preceding Section. Unlike the near-bandgap spectrum of sample XV0545, some
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α1/2 curves demonstrate behaviour consistent with that shown in the inset of Figure

6.10 allowing for tentative fits of low-α phonon absorption (Eg − Eph) transitions. An

example of such behaviour can be seen in Figure 6.11 for sample XV0443, where an

additional weak transition is fitted right above the Urbach tail.

FIGURE 6.11: The two linear fits of α1/2 of sample XV0443 in the region
of the bandgap. Eg + Eph (phonon emission) is the dominant absorp-
tion mechanism in indirect semiconductors. The lower-energy phonon

absorption process is denoted Eg − Eph .

However, because the boundary between this transition and the sub-bandgap tail

is not clearly defined, and the subsequent uncertainty in the fit gradient, the obtained

phonon absorption transition values (if any) are not as robust as those of phonon emis-

sion and direct bandgap ones. The full results are gathered in Table 6.1.

The bandgap-narrowing effect of Sb incorporation is evident across all samples; the

variability of Eg for equal-Sb samples XV0160, 0154 and 0159 is explained by mini-

band shifts arising due to varied barrier and well thicknesses (see Section 6.5). The

indirect transition values are always lower than the direct bandgap ones, albeit by an

inconsistent offset (in strictly analytical terms, the α1/2 analysis is much more sensi-

tive to x-axis shifts caused by baseline errors than α2, yielding less reliable fits). In

order to further investigate the direct/indirect nature of the fundamental transition
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TABLE 6.1: Fitting of the various near-band edge transitions to room-
temperature absorption coefficients α of different samples, exploring
both possibilities of the structures being either indirect (α1/2) or direct
α2 materials. (α1/2) corresponds to near-band edge fits of phonon (-) ab-

sorption and emission (+) transitions.

α1/2 α2

Sample xSb Urbach edge (meV) Eg + Eph (meV) Eg − Eph (meV) Eg (meV)

XV0160 0.174 190 151 196

XV0159 0.178 181 164 185

XV0154 0.176 211 187 220

XV0440 0.30 108 57 35 114

XV0443 0.29 101 80 68 117

XV0446 0.275 108 76 63 115

XV0448 0.29 120 119 115 136

XV0545 0.225 140 129 151

XV0234 0.37 134 76 65 138

XV0558 0.235 141 105 85 162

XV0232 0.31 130 129 149

XV0560 0.26 160 116 88 165

XV0235 0.41 19 78
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in the InAs/InAs1−xSbx system, a supporting result can be derived from an α spec-

trum by calculating its first derivative and identifying the peak corresponding to the

maximum change in fundamental absorption (or the maximum change in the joint

density of states). Typical results, which can be seen in Figure 6.12 for selected sam-

ples, are consistently much closer to the bandgap values obtained using the α2 fitting

method, rather than the α1/2 fits, which strongly suggests that the band structure of the

InAs/InAs1−xSbx system is direct. As such, α2 results only are used for further analysis.

FIGURE 6.12: First derivatives of α(hν) of samples XV0235, XV0440
and XV0448 in the vicinity of the fundamental band-to-band transition.
Eg(α2) refers to the bandgaps derived from the absorption coefficients.

Temperature-dependent bandgaps Eg(T)

The investigation of InAs/InAs1−xSbx absorption coefficients was extended to cryo-

genic temperatures by installing the samples in an OptistatDNV2 cryostat, which was

then mounted in a custom holder in the optical path of the FTIR beam (for the full

description of the procedure see Section 4.3). The implications of this change in experi-

mental conditions for the resultant data are explored in detail in Section 6.1.1, however
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the extraction of bandgap values proceeds in the same manner as in Section 6.1.2 A typ-

ical evolution of the temperature-dependent α spectrum (sample XV0232) can be seen

in Figure 6.13.

FIGURE 6.13: Temperature-dependent absorption coefficient of sample
XV0232.

A relative increase of the α values with respect to the 77 K curve is observed for all

samples as higher bands are filled with carriers at lower energies due to temperature-

induced bandgap narrowing, and the steepness of the absorption onset above the bandgap

decreases with the shift to higher wavelengths due to the αg ∝ λ−1/2 dependence on

the latter (as per Equation 2.36). Importantly, a plot of α(hν) near the bandgap for three

temperatures (77, 160 and 240 K as seen in the Figure 6.13) shows no temperature de-

pendence of the absorption gradient characteristic of an indirect semiconductor as out-

lined in Figure 6.6, further supporting the proposition of a direct fundamental bandgap

transition in InAs/InAs1−xSbx. Although the instrumental factors discussed in Section

6.1.1 leave some reflection artifacts in the curves (as can be seen at shorter wavelengths

in Figure 6.13) and the multi-step normalisation procedure introduces baseline offsets

below 103 cm−1 in some spectra, it should be noted that due to the mathematical form

of α2 the straight-line fits are largely resistant to systematic errors and generally did not
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TABLE 6.2: Comparison of fundamental bandgaps obtained at 300 K
with and without the cryostat in place. The differences arise due to in-
strumental factors introduced by the inclusion of a cryostat in the mea-

surement.

Bandgap at 300 K (no cryostat) (meV) Bandgap at 300 K (cryostat) (meV)

XV0154 220 223

XV0159 185 176

XV0160 196 188

XV0545 149 140

XV0232 149 152

XV0440 114 112

require baseline corrections, which can be confirmed by examining the 300 K bandgaps

taken with and without the cryostat in place. The differences between the two measure-

ments, which can be seen in Table 6.2 for a number of samples, allow to estimate the

uncertainty when fitting the temperature-dependent spectra, and which is calculated

to be ±6 meV using a simple average.

FIGURE 6.14: Temperature dependence of the bandgaps of a range of
epilayer samples, derived from their absorption coefficients.
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The final temperature dependencies of a range of samples with xSb = 0.174− 0.31

can be seen in Figure 6.14. All samples undergo a narrowing of the bandgap as ex-

pected of the III-V materials in the high-temperature regime. The total reduction in

bandgap varies in the range 15-35 meV is more shallow for higher-Sb samples, which

could have implications for the operational range of LWIR devices based on these struc-

tures. For the full analysis of temperature dependence of these superlattice in context

of the Einstein single-oscillator model see Section 6.4.

6.2 Spectral response

Temperature-dependent spectral response (SR) measurements were carried out on a

number of nBn samples using the methods outlined in Section 4.6.1. The samples char-

acterised were often designed so that their Sb fraction and SLS periodicity match a

transmission sample so that their optical characteristics can be compared. Because the

raw spectrum data has no reference channel (unlike transmission measurements), the

obtained spectra were customarily normalised to a theoretical blackbody curve calcu-

lated at 1320 K, the temperature of the FTIR MWIR source. The resultant temperature-

dependent spectra for the MWIR samples XV0161, XV0576 and XV0650 can be seen in

Figure 6.15 (see Table 5.4 for their structures). For each sample the temperature varies

from 77 K in 20 K steps up to the temperature at which the signal-to-noise ratio be-

comes too small to be produce a useful spectrum; all three samples exhibit measur-

able signal response up to 280 K. Although the xSb = 0.178 sample (XV0161) has the

longest fundamental cut-off wavelength of the three MWIR samples (corresponding to

the smallest fundamental bandgap of the three samples; see Section 6.4 for the extracted

bandgap values), the absorption edges have different gradients and so their 50% cut-

off wavelengths λ50% (the wavelength at which the response intensity falls by half) and

maximum response SRmax don’t follow a simple xSb dependence.
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FIGURE 6.15: Normalised temperature-dependent spectral response
curves of three MWIR samples. Each curve corresponds to a 20 K in-
crease in temperature from the previous measurement. Atmospheric ab-
sorption (not to scale), which causes a partial decrease in response near

high-T peaks, is shown for reference.
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This effect can be appreciated in Figure 6.16, which shows normalised spectral re-

sponses of the three samples at 160 K. Here, the approximate SRmax positions are ex-

tracted by estimating their values from the graph. Because all three spectra have atmo-

spheric absorption features that obscure the true position of SRmax, an uncertainty for

each is also estimated (see Table 6.3 for the results). λ50% values are obtained by linearly

fitting the absorption edge before the Urbach tail and finding the value of the fit at 50%

spectral response.

FIGURE 6.16: Normalised spectral response curves of three MWIR sam-
ples at 160 K. The grey dotted lines are included to help identify maxi-
mum and 50% response for each. Inset: calculated refractive indices of

samples 0161 (green) and 0576 (blue).

Sample XV0650 shows the weakest onset of fundamental absorption of the three.

This is likely due to the intentional increase in n-doping of the absorption layer com-

pared to all the other nBn devices in this work (5×1017 cm−3 as opposed to 6×1016

cm−3), which is believed to have caused a reduction in the effective absorbing volume

via a shortened minority carrier diffusion length (the mean distance a carrier will dif-

fuse from its point of creation before it recombines), and was also observed to severely

affect the sample’s responsivity (see Section 7.2.1). The other two samples, however,

have the same target doping levels and absorber thicknesses despite demonstrating
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TABLE 6.3: The 50% cut-off wavelengths λ50% and the maximum spectral
responses SRmax of MWIR samples.

Sample XV0161 XV0650 XV0576

λ50% (µm) 5.81 5.29 5.67

SRmax (µm) 5.29 ± 0.03 4.34 ± 0.16 5.20 ± 0.02

different gradients. Therefore, in terms of fundamental transition processes, a tentative

explanation for this difference could be provided in the context of oscillator strength

S of the transition between the conduction and the first heavy hole bands. This quan-

tity is fundamentally defined as proportional to the quantum probability of transition

between two energy levels166, and can be redefined such that165

S ∝ nSLS

(
α0

ρ0

)
(6.1)

where nSLS is the refractive index of the superlattice, α0 is the absorption coefficient

of the ground-state transition, and ρ0 is the ground-state optical joint density of states.

Using Equation 2.35 to find nSLS as a function of wavelength yields an S value for

XV0576 that is approximately 0.2 higher near the absorption edge than that of XV0161

(see Figure 6.16 inset), which could provide the explanation; however it is worth noting

that Webster et al165 use spectroscopic ellipsometry to find nSLS to be approximately 3.6

for a series of InAs/InAs1−xSbx SLS samples regardless of their structure. An alterna-

tive explanation is offered by the fact that the ground-state joint optical density of states

varies as ρ0 ∝ d−3, where d is the superlattice period165. This means that S increases

proportionally to d3 (Equation 6.1), which would increase S for XV0576 as expected.

On the other hand, this difference in absorption gradient could have a purely growth-

related explanation: for example, a minor decrease in real MBE dopant growth rates

over time could be a structural explanation for the small difference in absorption onset,

as the sample XV0576 was grown a year later than XV0161.

Figure 6.17 shows the spectral response of two LWIR nBn samples. Sample XV0548
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has xSb = 0.30 while for XV0552 it is 0.31, and their λ50% are 8.7 to∼11.1 µm for the for-

mer, and 8.5 to ∼10.7 µm for the latter. Uncharacteristically, maximum response shows

very weak temperature dependence. This unusual behaviour of SRmax, combined with

an uncharacteristic ’shoulder’ emerging at higher temperatures, could point to non-

neglibile O3 absorption which falls almost exactly where the shift in SRmax would be

expected to occur (compare Figure 1.2). The anomalous 100 K curve of sample XV0552

could have been caused by insufficient delay between measurements after warming the

cryostat to the set temperature, and the sample not settling thermally. The reason for

the abnormally small Urbach tail is unclear, however, and could be another measure-

ment artifact.

The gradient of the absorption edge at 77 K for both samples was fitted, and found to

be marginally larger for sample XV0552 (by 6%). Although this could potentially be

attributed to the different factors affecting oscillator strength as discussed above, this

difference is small enough that it could be a random rather than a real effect.

FIGURE 6.17: Normalised temperature-dependent spectral response
curves of two LWIR samples. Each curve corresponds to a 20 K increase

in temperature from the previous measurement.

The spectral response of the dual-colour sample QA504 was measured at -0.2 V for

the LWIR absorber, and at +0.1 V for the top MWIR absorber. Both spectra can be seen

in Figure 6.18. The λ50% values for the two spectra at 77 K are, respectively, 8.54 µm and

6.03 µm. Predictably, the onset of absorption is stronger in the MWIR layer (by ∼ 20%)
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due to its strength increasing with the size of the optical bandgap.

FIGURE 6.18: Normalised spectral response of the MWIR and LWIR ab-
sorbers of the dual-colour sample QA504.

In contrast to all the other nBn devices in this Section, the LWIR sample XV0208

was grown on the lattice-mismatched GaAs substrate using a ∼1 µm AlSb buffer layer

as a virtual substrate (see Section 5.4.6 for its structural characteristics). The spectral

response of the device can be seen in Figure 6.19. The apparent lack of temperature de-

pendence of maximum response is even more pronounced than for the LWIR samples

XV0548 and XV0552; instead, the expected response to temperature occurs in a weak

’shoulder’ feature beyond ∼ 8 µm. It is not clear what type of transition, if any, could

be responsible for this behaviour; given that XV0208 is the only nBn device discussed

here that is not strain-balanced according to the design rules in Section 5.1, it is possible

that partial relaxation or another source of non-homogeneity in the crystal provides the

dominant transition mechanism. Otherwise, in strictly instrumental terms, it is possible

that the ZnSe window of the cryostat was contaminated at the time of the measurement,

obscuring part of the LWIR spectrum.



Chapter 6. II. Results and discussion: Optical Properties 137

FIGURE 6.19: Spectral response of the XV0208 nBn device grown on an
AlSb buffer layer.

An interesting, if qualitative, feature of temperature dependence of spectral re-

sponse can be observed when the spectra are normalised to pre-amplifier gain. The

relative magnitude of signal response to infrared light plotted on the y-axis can then

be compared for different temperatures, and to estimate the temperature range within

which maximum response occurs. The results for samples XV0576 and XV0552 can

be seen in Figure 6.20 (it must be noted that these curves were not normalised to the

blackbody spectrum, hence lineshapes being different to those presented earlier in the

section). For the MWIR sample, the recorded signal peaks at 140 K and falls below it,

which implies that the true maximum signal response lies in the 120 - 160 K range. For

the LWIR sample, the range is 100 - 140 K.

FIGURE 6.20: Spectral response of the MWIR XV0576 sample (left) and
the LWIR XV0548 sample (right) normalised to pre-amplifier gain.
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This effect could be due to two competing factors: initially, as the temperature de-

creases from 300 K, the lieftime of minority carriers steadily increases resulting in car-

rier collection from a larger volume and hence, a stronger signal. On the other hand,

the subsequent signal fall at the lowest temperatures could be explained by carriers not

having enough thermal energy to overcome minor potential barriers in the structure,

and so not being collected anymore.

Extraction of bandgap values

Although spectral response data presented in Section 6.2 carries no numerical infor-

mation about responsivity of the devices, their functional form is directly related to

responsivity and hence directly proportional to quantum efficiency (as per Equation

2.42). Quantum efficiency is, in turn, directly proportional to the absorption coefficient

given sufficient absorber thickness and diffusion length167,168, which subsequently en-

ables bandgap analysis analogous to that employed in Section 6.1.2 to be carried out on

absorption edges of spectral response curves. This provides a valuable reference frame

for bandgap results derived from α(hν) spectra, as spectral response does not require

reference measurements or correction for reflection artifacts.

The absorption edge analysis for the spectral responses proceeded in the same way as

for the α(hν) spectra: first, the Urbach region was visually identified in the linearly

plotted data, then the absorption region demonstrating linear behaviour on a SR2(hν)

plot was fitted and the x-intercept identified. The process is reiterated in Figure 6.21

for sample XV0576 at temperatures equal to 77, 140 and 200 K. For all samples, the

good signal-to-noise ratios permitted the fitting of bandgaps for most temperatures

presented in Section 6.2.

Once again, the bandgap positions are confirmed qualitatively by examining first deriva-

tives of the spectra; examples can be seen in Figure 6.22. Just as in the case of the first

derivatives of α(hν), the Eg(SR2) bandgaps are compared to the first derivative peak

positions, and found to be close.
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FIGURE 6.21: Bandgap extraction from the spectral response data of
sample XV0576. Top: identification of the exponential Urbach region.
Bottom: linear fits of the absorption edge extrapolated to the x-axis re-

sult in the fundamental direct bandgap Eg.

The full bandgap temperature dependence for the GaSb nBn devices considered

in Section 6.2 can be seen in Figure 6.23. Because of thermally generated carriers the

signal-to-noise ratio degrades faster in lower-bandgap systems, so some higher-temperature

spectra were discarded from the analysis. Just as in the case of the results derived from

α(hν) spectra (Figure 6.14) the narrowing of the bandgaps due to both increased Sb

content and increasing temperature is evident, however unlike the temperature depen-

dencies derived from epilayers there appears to be no dependence of the gradient on

xSb. The full quantitative analysis of these results is presented in Section 6.4.
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FIGURE 6.22: First derivatives of the spectral responses of samples
XV0576, XV0552 and XV0161 corresponding to the band-to-band absorp-
tion onset. Eg(SR2) refers to the bandgaps derived from the spectral re-

sponse curves.

FIGURE 6.23: Temperature dependence of the bandgaps of a range of
nBn devices, derived from their spectral response curves.
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6.3 Photoluminescence

In order to ascertain the band-to-band transition value of the samples XV0154, XV0159

and XV0160 close enough to 0 K to pin the zero-point bandgap parameter E0 of the

single-oscillator model (see Equation 6.2 in Section 6.4), their photoluminescence (PL)

spectra were acquired at 4 K by mounting each sample in a He-cooled cryostat prior to

the measurement. As mentioned in Section 4.4, the 4 K bandgaps were assessed via a

power dependence measurement: a NIR (785 nm) laser with 2.55 W cm−2 power den-

sity was impacted on a sample, the intensity of which was subsequently modulated

with the use of optical filters between 50% and 0.4%. This approach exploits the effect

of band filling of the sub-bandgap tail of states: an increase in peak position at low

pump power points to this low-density tail of states being filled with carriers, eventu-

ally turning into a plateau at the onset of band-to-band transitions, which are charac-

terised by a much larger density of states. The normalised spectra for the three samples

are summarised in Figure 6.24; the pumping power was decreased in steps until the

peaks could no longer be reliably identified.

FIGURE 6.24: Power-dependent photoluminescence measurements of
samples XV0154, XV0159 and XV0160 at 4 K. Here, the optical filter val-
ues were varied between 100% (no filter) and 0.4% of the laser pump

power 2.55 W cm−2.
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XV0154 was the only sample characterised with the MWIR detector InSb, while the

other two had spectra obtained with LWIR CMT detectors; this explains the stronger

signal of XV0154.

The characteristic behaviour of the superlattices in response to varied pump power is

plotted in Figure 6.25, where solid symbols represent peak position maxima (each peak

position was characterised with a Gaussian fit). There is a pronounced decreasing trend

in peak position at filter values below 20%, with asymptotic-like behaviour for sample

XV0154 at < 1%. This kind of saturation curve indicates that the sub-bandgap tail of

states is not fully filled up to a certain pump power, and only once the band-to-band

electron-hole recombination process begins (characterised by a much larger density of

states), the pump power-dependence of the peak position declines39. As such, only the

peak positions at 33% and above are considered in the 4 K bandgap extraction.

FIGURE 6.25: 4 K Gaussian fit photoluminescence peak positions of sam-
ples XV0159, XV0160 and XV0154 as functions of laser pump power. The
solid lines and symbols represent the maximum peak positions of the
Gaussian fits, and the dashed lines and hollow symbols represent their

first derivative maxima.

The procedure follows the same first derivative method outlined in Sections 6.1.2

and 6.2: first, Gaussian curves are fitted to each spectrum (see Figure 6.26 for the fits

at 33% filter value), then derivatives are taken and their maxima identified (Figure 6.26

inset). These first derivative maxima for each pump power are also included in Figure
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6.25 as hollow symbols. Both XV0154 and XV0160 increase by 1 meV for each analysed

pump power, with an average value of 252 and 226 meV respectively; XV0159, mean-

while, increases by 1 meV between 33 and 50% then stabilises at the peak value of 223

meV. XV0154 also undergoes the most downwards shift between the peak and deriva-

tive positions; this could be due to the broadness of the PL peak itself, which would

shift the position of maximum gradient away from the peak and which could be due to

the region of Sb composition gradient in the ternary layer. As discussed in Section 5.4.3,

this composition gradient at the InAs/InAs1−xSbx interface has a non-negligible thick-

ness of about 2 nm, and therefore its bending of the band structure (normally assumed

to consist of perfectly sharp wells) would cause the most broadening in the photolumi-

nescence peak of the thinnest superlattice.

FIGURE 6.26: Gaussian fits of the photoluminescence peaks of samples
XV0159, XV0154 and XV0160, obtained at 4 K and with the use of a 33%
optical filter mounted over a 2.55 W cm−2 power density NIR laser. Inset:
First derivatives of the Gaussian fit curves with their maxima marked in

black dashed lines.



Chapter 6. II. Results and discussion: Optical Properties 144

6.4 Temperature dependence of the InAs/InAs1−xSbx bandgap

6.4.1 Temperature dependence of undoped epilayers

As briefly explained in Section 2.1.2, the most commonly used fit of the III-V tempera-

ture dependence, the empirical Varshni model, has been reported to mischaracterise the

very low-temperature behaviour of the bandgaps (where its quadratic form is most pro-

nounced). An alternative semi-empirical model which incorporates phonon-electron

interaction as well as lattice expansion effects on bandgap narrowing is the Einstein

oscillator model, the most simple version of which, the single-oscillator model46, has

been found to accurately describe InAs, InSb as well as InAs0.911Sb0.089 temperature

behaviour39. The equation takes the form

Eg(T) = E0 − Sgk
(

TE

exp(TE/T)− 1

)
(6.2)

where kTE = hωph is the lattice energy associated with the effective phonon fre-

quency, Sg is a coupling scale factor of the high-temperature region, and the denom-

inator of the bracketed term is the phonon occupation number (the average number

of phonons of energy hωph at temperature T). The significance of the characteristic TE

of a material is that 1
2 TE denotes the boundary between the low and high-temperature

regimes of its temperature dependence; also, it has been shown46,169 that TD ≈ 3/4TE

where TD is the Debye temperature. The 0 K bandgap E0, here defined for a highly crys-

talline material, includes the bandgap narrowing contribution due to zero-point motion

which is equal to 1
2 SgkTE. The significance of each parameter is briefly presented in Fig-

ure 6.27 using InAs and InSb fits as derived by Webster et al39.

Figure 6.28 collates experimental bandgap values derived from photoluminescence (di-

amonds, Eg(PL)) and absorption coefficient (circles, Eg(α)) spectra for the three period-

varied MWIR samples XV0154, XV0160 and XV0159 (discussed eg. in Section 6.3). The

Eg(α) data shows pronounced linear behaviour down to lowest-measured T = 77 K,

placing an upper limit on TE of about 150 K; in addition, due to the functional form of

Equation 6.2, E0 also cannot be lower than Eg(77K).



Chapter 6. II. Results and discussion: Optical Properties 145

FIGURE 6.27: Bandgap temperature dependence of InAs and InSb based
on the Einstein single-oscillator model. The significance of each parame-

ter is denoted on the graph. Fit parameters from Webster et al39.

The 4 K Eg(PL) data points of samples XV0159 and XV0160 derived in Section 6.3

are used to pinpoint the value of E0, however the XV0154 result, at 253 meV, appears to

be severely underestimated when compared with the Eg(α) data. The first derivative

method identifies the strongest change in the joint optical density of states, which usu-

ally corresponds to the onset of a band-to-band transition. It is possible, however, that

due to a large number of dislocations the sub-bandgap density of states (the Urbach tail)

is large enough to dominate over the first interband transition. Sample XV0154 is likely

to have more defect-induced states than the other two because its superlattice period

is the smallest, so that the ∼ 2 nm interface roughness (derived in Section 5.4.3) would

span across the entire superlattice cell. As such, because the PL result for XV0154 does

not appear likely to represent the fundamental band-to-band transition, it is excluded

from temperature fit.

The temperature dependence fits for samples XV0159 and XV0160 were deducted as

follows: first, the gradient of the high-temperature region is estimated using simple

linear fits. The E0 parameter is pinned at the Eg(PL) value and the Einstein tempera-

ture TE is decreased incrementally from 150 K until the best agreement with E0 and Sgk

is achieved.
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FIGURE 6.28: Bandgap temperature dependence of samples XV0154,
XV0159 and XV0160. Experimental data points were extracted from pho-
toluminescence (diamonds) and absorption coefficient spectra (circles).
Continuous coloured lines represent model fits. For sample XV0154, the
sub-77 K region is a tentative fit based on the results for the other two.

For XV0154, E0 is provisionally set 8 meV above the 77 K value (which is the case for

the other two samples), however because predicting TE is not trivial without knowing

the corresponding Debye temperature of the material, the choice of this parameter (and

hence the expected low-temperature behaviour, marked in green dashed lines on Figure

6.28) is tentative at best. The fit parameters are presented in Figure 6.28 as labels of each

sample dataset, as well as listed in Table 6.4.

Recalculated Varshni parameters (see Equation 2.28) are also included to allow more

convenient comparisons with other materials, according the following relations42: α =

Sgk and β = 1/2TE. The term 1/2SgkTE is equivalent to the product αβ in the Varshi

model and represents the 0 K bandgap reduction due to zero-point lattice motion. The

three samples show slight variation in the gradient parameter of the linear region Sg;

however, rather than a physical phenomenon, it is more likely explained by the very

high sensitivity of TE to the value of E0: for example, if E0(XV0159) was just 3 meV



Chapter 6. II. Results and discussion: Optical Properties 147

TABLE 6.4: Single oscillator fit parameters for samples XV0154, XV0160
and XV0159 as seen in Figure 6.28, and the recalculated Varshni model
parameters (here α = Sgk and β = 1/2TE). Literature data denoted ∗ is

from39, ∗∗ is from40.

Single-oscillator model Varshni model

Sg (eV K−1) TE (K) 1/2SgkTE (eV) α (×10−4eV K−1) β (K)

XV0154 2.1 130 12 1.81 65

XV0159 2.3 130 13 1.98 65

XV0160 1.9 130 11 1.64 65
∗InAs 3.2 145 - 2.76 93
∗InSb 3.13 133 - 3.2 170

∗InAs0.911Sb0.089 2.85 230.8 28.3 3.59 115.4
∗∗InAs/InAs0.63Sb0.37 - - - 2.42 106
∗∗InAs/InAs0.72Sb0.28 - - - 1.67 95.8
∗∗InAs/InAs0.78Sb0.22 - - - 2.75 139

lower, all three sets of data could be fitted with the same value of TE = 120 K and

Sg = 1.9. Given the difficulty of establishing Eg(PL) to such precision, it is plausible

that these parameters actually agree with each other within the uncertainties of the

photoluminescence measurements.

Upon examining other data from literature it becomes evident that superlattice

structures show far less pronounced bandgap temperature dependence (represented by

the Sg (Einstein) and α (Varshni) parameters) than the constituent bulk materials InAs

and InSb, as well as As-rich bulk InAs1−xSbx. The Varshni parameters reported for

a series of InAs/InAs1−xSbx structures in Ref40 demonstrate more comparable but still

more pronounced bandgap reduction behaviour than samples presented here, although

this could potentially be explained by differences in growth mode and conditions as

well as lattice-matching methods, rather than xSb or superlattice period dependence.

The samples also show the lowest TE values in the dataset (even when we consider the

upper limit placed on TE by the lack of curvature in Eg(α), which is ∼ 150 K). This

indicates that even though the superlattices have weak bandgap response to increasing

temperature, this response arises at lower temperatures than other structures/materials
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(ie. the thermal energy reaches minimum phonon energy sooner). It is worth noting,

however, that this is advantageous for the design of superlattices for infrared detec-

tors as linear response down to T = 77 K (the temperature of liquid nitrogen, which is

commonly used as an IR detector coolant) helps in predicting the spectral range of the

detector, while weak temperature dependence allows for larger ranges of operational

temperature while minimising the detector’s spectral response shift. Importantly, this

behaviour is replicated for samples with higher xSb as presented in Figure 6.29.

FIGURE 6.29: Bandgap temperature dependence of a number of un-
doped epilayer samples with different superlattice periods and xSb. The
coloured labels represent the linear gradient of the fits in units of eV K−1.

Because the remaining three samples (XV0545, XV0440 and XV0232) do not have

T < 77 K data, only the high-T region can be fitted. Simple linear fits can be used

as a reasonable estimate: this can be demonstrated on samples XV0154, XV0159 and

XV0160 by comparing absolute linear fit gradients (included as colour-coded labels in

units of eV K−1 on Figure 6.29) of their high-T regions with the Sgk (and α) parame-

ters of the model fits in Table 6.4. It becomes immediately apparent that a linear fit

overestimates the gradient by about 9-12% compared to the full model, which is due to

the fact that the ’linear’ term of the single oscillator expression actually retains slight
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curvature even beyond 1/2TE. Nevertheless, it enables comparisons between the sam-

ples, including the observation that while sample XV0545 shows a gradient consistent

with the lower xSb superlattices XV0160, XV0154 and XV0159, the two high-Sb sam-

ples XV0440 and XV0232 demonstrate an even less pronounced temperature depen-

dence, with bandgaps reducing by less than 15 meV from LN2 to room temperature.

All datasets retain linearity down to 77 K.

6.4.2 Temperature dependence of nBn devices

Temperature dependence of the nBn devices was extracted using the approach outlined

in Section 6.2. Just as in the case of the high-T Eg(α) datasets of the undoped epilayers

discussed in Section 6.4.1, the raw data derived from spectral response (Eg(SR)) and

presented in Figure 6.23 shows strong linearity down to 77 K, making linear fitting an

acceptable method of estimating Sg (α in the Varshni model). The resultant absolute

gradients (units of eV K−1) are fitted in Figure 6.30.

FIGURE 6.30: Bandgap temperature dependence of a number of doped
nBn device samples with different superlattice periods and xSb. The
coloured labels represent the linear gradient of the fits in units of eV K−1.
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Two observations can be readily made: first, the bandgap decrease of the devices is

more pronounced than that of epilayers, and second, it is more consistent: the high-Sb

devices show no decline in temperature dependence compared to the other samples,

which is helpful in predicting the optical behaviour during photodetector design pro-

cess. The distinction between the epilayers and the devices is visually presented in

Figure 6.31.

FIGURE 6.31: Comparison of the temperature dependence of epilayers
and nBn devices. The grey curves correspond to the nBn temperature
dependencies in Figure 6.30. Samples XV0160 and XV0440 are undoped

epilayers.

Once again, there is no obvious pattern in xSb or superlattice period that could ex-

plain the discrepancies: the device XV0161 was designed to implement the same su-

perlattice present in XV0160, while the epilayer XV0440 has a comparable period to the

two LWIR nBn devices XV0552 and XV0548. Increased carrier concentration is known

to contribute to bandgap narrowing due to the electrostatic interaction of electrons and

holes170, however for this explanation to work, carrier concentration in the nBn devices

would have to increase with temperature (intrinsic carrier concentration does have a
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TABLE 6.5: Linear fit gradients of the nBn devices recalculated as the
Varshni α parameters. The three reference device results were obtained
by Klein et al173, and the two consecutive values refer to either spectral

response or absorption measurement types.

m (×10−4 eV K−1) α (×10−4 eV K−1)

XV0650 2.68 2.44±0.24

XV00576 2.33 2.12±0.21

XV0161 2.21 2.01±0.20

XV0548 2.54 2.31±0.23

XV0552 2.54 2.31±0.23

MWIR bulk InAsSb nBn - 3.8

MWIR InAs/GaSb SLS pin - 3.0, 3.1

LWIR InAs/GaSb nBn - 2.5, 2.8

temperature dependence - however, there is no reason to believe that this would be-

have differently in the epilayers and the nBn devices). Two additional sources of car-

riers in the nBn’s are dopants and dark current density, the first of which are expected

to be fully ionised at all temperatures under consideration171, while the dark current

densities, even though temperature-dependent, would be far too small compared to

the carrier concentration required for measurable bandgap reduction. Phonon-electron

interaction is a major contributor to temperature-induced bandgap shrinkage172; how-

ever, analysis of phonon dispersion relations is beyond the scope of this work. The

reason for the different temperature dependencies remains unclear.

It was found in Section 6.4.1 that the linear temperature fits overestimate the Sg pa-

rameter of the single oscillator model (and by association α in the Varshni model) by

about 10%. Because this offset arises due to the functional form of the single oscillator

equation, not the physical features of the system, and to enable comparison with other

materials, the α = Sgk parameter of the nBn devices is estimated to be 0.91×m± 10%

where m is the linear gradient of the nBn temperature dependence in Figure 6.30. A

comparison is drawn with several devices studied in Klein et al173 in Table 6.5: bulk

InAs0.9Sb0.1 nBn with an undoped barrier, a MWIR InAs/GaSb SLS pin, and a LWIR

InAs/GaSb SLS nBn.
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The multiple values for the reference devices are due to different measurement

types yielding different results. It can once again be observed that the bandgap re-

duction due to temperature is less pronounced in the samples presented in this work

than in comparable structures. The latter two literature structures in Table 6.5 were

characterised using both absorption and spectral response measurements; therefore the

differences are unlikely to be due to method, and can be said to be a real feature of these

superlattices.

6.5 Band structure modelling of InAs/InAs1−xSbx

As an aid in fine-tuning the optical properties of InAs/InAs1−xSbx-based nBn devices, a

model of carrier dispersion was designed based on the Kronig-Penney model of a par-

ticle tunnelling through a succession of perfectly square finite potential barriers with

sharply defined interfaces. In this simplified approach, coupling effects between the

electron and hole bands are ignored, and the model is most effective at describing dis-

persion relations near the Γ = 0 point of the Brillouin zone.

The contribution of strain to the band shift (as well as splitting of degenerate valence

bands) of the superlattice is represented in the model as hydrostatic and shear strain

arising at InAs/InAs1−xSbx heterojunction; Sections 2.1.1 and 2.1.2 present the under-

lying calculations in full detail. The energetic height of the potential barrier experienced

by a carrier must be known before carrier minibands are calculated, and are obtained

via Equations 2.26 and 2.27, here repeated for completeness:

Ev = Ev,av +
∆0

3︸ ︷︷ ︸
unstrained

+∆Ehy
v,av + max(∆Esh

hh, ∆Esh
lh )

Ec = Ev,av +
∆0

3
+ Eg(T)︸ ︷︷ ︸

unstrained

+∆Ehy
c

(6.3)

The terms superscripted with hy and sh are strain-induced band shifts derived fully

in Section 2.1.2, while the spin-orbit splitting term ∆0 is taken from Vurgaftman et al28
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(for the full list of model parameters see Table 6.6). The bandgaps Eg(T) of InAs and

InSb at a given T are calculated using the single-oscillator model of temperature depen-

dence discussed in Sections 2.1.2 and 6.4.1; the bandgap of InAs1−xSbx, in turn, is inter-

polated with the use of the temperature-dependent double-oscillator model of bandgap

bowing outlined in Section 2.1.2. The effective electron and heavy hole masses are cal-

culated using Equations 2.12, 2.13 and 2.14. With the exception of the InAs1−xSbx, all

the valence band positions in the model follow the approach and values summarised in

Vurgaftman et al28, and normalised with respect to the InSb valence band. As a result,

the only free parameter of the model is the valence band position of InAs1−xSbx, which

is varied to match the bandgap values derived experimentally in 6.1.2 and 6.2. Figure

6.32 visualises all the parameters that will be discussed in the rest of the chapter; the

green arrow denotes the fitting parameter valence band position of InAs1−xSbx, while

the output parameters are highlighted by blue arrows (note that VBPInAsSb and Ev,InAsSb

are equivalent).

FIGURE 6.32: Parameters of the band structure of the type-IIb
InAs/InAs1−xSbx superlattice as defined in the model. The green arrow
signifies the fitting parameter, and the blue arrows denote the resultant

model parameters.
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TABLE 6.6: Material parameters used in modelling InAs/InAs1−xSbx su-
perlattices.

InAs InSb InAs1−xSbx

a (Å) see Eq. 2.5 see Eq. 2.5 -

Ev,av (eV) -0.59 0 -

c11 0.8329 0.6847 -

c12 0.4526 0.3735 -

∆0 (eV) 0.39 0.81 -

av (eV) 1 0.36 -

b (eV) -1.8 -2 -

ac (eV) -5.08 -6.94 -

Spin-orbit bowing (eV) - - 1.2

b0 (eV) - - 0.938

S1 - - 22.98

S2 - - 18.8

T1 (K) - - 115.8

T2 (K) - - 275.6

S0 3.2 3.13 -

TE (K) 145 133 -

When designing the band structure of an nBn device, a correct valence band align-

ment of the barrier with the superlattice is crucial for high quantum efficiency. The

parameters used in modelling the barrier alloys are presented in Table 6.7. Note that

the barriers incorporated into the devices are never binaries, so their parameters are

interpolated from their binary values using the standard Vegard’s law approach (see

Section 2.1.1).

The quasi-confining nature of a superlattice results in quantisation of allowed en-

ergy levels similar to the quantum well structure in its dependence on well depth and

thickness; however due to the barrier thickness being sufficiently small to allow carrier

tunnelling, these energy levels broaden into bands of allowed E(k) states. Fine-tuning

of the optical properties of superlattice-based detectors requires understanding of how

the superlattice period shifts the total bandgap of the structure. This is demonstrated
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TABLE 6.7: Material parameters used in modelling the nBn barrier al-
loys.

GaSb AlSb AlGaSb AlAs GaAs AlAsSb

a (Å) Eq. A.8 Eq. A.8 - Eq. A.8 Eq. A.8 -

Ev,av (eV) -0.03 -0.41 - -1.33 -0.8 -

c11 0.8842 0.8769 - 1.25 1.221 -

c12 0.4026 0.4341 - 0.534 0.566 -

∆0 (eV) 0.76 0.676 - 0.28 0.341 -

av (eV) 0.8 1.4 - 2.47 1.16 -

b (eV) -2 -1.35 - -2.3 -2 -

SO bowing (eV) - - 0.3 - - 0.15

TABLE 6.8: Structures of samples XV0154, XV0159 and XV0160. All were
grown on SI GaAs substrates and 325 nm of a GaSb buffer layer.

XV0154 XV0160 XV0159

xSb 0.176 0.174 0.178

dabsorber (nm) 710 780 750

dInAs (nm) 2.10 4.66 6.86

dInAsSb (nm) 2.16 4.79 7.04

Period multiplier ×1.0 ×2.2 ×3.3

on three samples XV0160, XV0154 and XV0159, grown on SI-GaAs substrates and 325

nm of GaSb buffer layer, implementing a superlattice structure that is identical aside

from a varied period multiplier; the effective bandgap shift due to period change was

already demonstrated in practice in Section 6.4.1. The structures of each are repeated in

Table 6.8.

The structures are simulated at 300 K, and compared to the room-temperature Eg(α)

as well as their full absorption coefficient curves. The InAs1−xSbx valence band posi-

tion VBPInAsSb = −0.390 eV with respect to VBPInSb = 0 eV gives the best agreement

with data for all three samples, and figures 6.33, 6.34 and 6.35 show these combined

results. The top graph represents the colour-coded absorption coefficient α(300K); the

grey curve is the corresponding first derivative plotted on a semi-log scale to enhance
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the relevant features, and the top labels represent the calculated miniband transitions,

where e1 is the only electron miniband and hh1-4 represent the successively higher

heavy hole minibands. The E(k) dispersion relation (normalised to the superlattice pe-

riod) is plotted in the bottom left graph: the red-shaded region represents the electron

well in the superlattice and the orange-shaded region corresponds to the valence band

heavy hole well, both bounded by continuum. Finally, the bottom right graph repre-

sents the position of the minibands at Γ = 0 (with the exception of e1 of XV0154, whose

e1 band appears to be indirect) as a function of distance d in the superlattice cell, where

d = 0 denotes the start of the InAs barrier layer. For clarity, all the E(k) and band dia-

grams are normalised to the bottom of the heterojunction conduction band.

None of the samples presented in this work possess more than one electron miniband,

which is due to the weakly electron-confining nature of the type IIb InAs/InAs1−xSbx

superlattices (as discussed in Section 2.1.2), as well as superlattice periods that are

generally smaller than those discussed in literature. On the flip side, the strongly

confining heavy hole wells in InAs1−xSbx result in generally flat heavy hole bands

whose number increases with increasing well thickness, while the width reduces due

to weakening interactions between wells. The strained valence band offset VBO and

the strained conduction band offset CBO are both found to be the same for all three

samples: VBO = 202 meV and CBO = 83 meV, which is in line with the expectation of

a weakly confining type-IIb band structure.

In an attempt to identify the corresponding absorption onsets, the calculated carrier

transitions Em are overlaid on the absorption coefficients and their first derivatives as

dashed vertical lines in Figures 6.33, 6.34 and 6.35. The samples show good qualitative

agreement with the first derivative peaks. The identified transition values correspond

to the shortest energetic distance between the two electron and hole minibands, ie. their

absorption onsets - it is at these energies that the electron-hole wavefunction overlap for

the given transition is the strongest, and which will gradually diminish with increasing

photon energy until it reaches the top of the miniband.
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FIGURE 6.33: Top: the colour-coded absorption coefficient α(300K) (its
derivative in grey) of sample XV0159 with identified miniband transi-
tions marked in dashed lines. Bottom left: the calculated carrier dis-
persion relation E(k), with shaded areas corresponding to superlattice
well/barrier regions. Different minibands are labelled e and hh. Bottom
right: the band diagram arising from the dispersion relation, with the

Γ = 0 miniband values included.
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FIGURE 6.34: Top: the colour-coded absorption coefficient α(300K) (its
derivative in grey) of sample XV0160 with identified miniband transi-
tions marked in dashed lines. Bottom left: the calculated carrier dis-
persion relation E(k), with shaded areas corresponding to superlattice
well/barrier regions. Different minibands are labelled e and hh. Bottom
right: the band diagram arising from the dispersion relation, with the

Γ = 0 miniband values included.
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FIGURE 6.35: Top: the colour-coded absorption coefficient α(300K) (its
derivative in grey) of sample XV0154 with identified miniband transi-
tions marked in dashed lines. Bottom left: the calculated carrier dis-
persion relation E(k), with shaded areas corresponding to superlattice
well/barrier regions. Different minibands are labelled e and hh. Bottom
right: the band diagram arising from the dispersion relation, with the

Γ = 0 miniband values included.
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The above approach was applied to all bandgap data derived in Section 6.1.2 at

temperatures 300 K, 160 K and 77 K, in order to identify the InAs1−xSbx valence band

position (VBPInAsSb), InAs/InAs1−xSbx valence band offsets (VBO), conduction band

offsets (CBO) and miniband positions with respect to the bottom of their wells. The

unstrained VBPInAsSb, the fitting parameter of the model, was derived by iteration for

each sample and is plotted as a function of xSb in Figure 6.36 for each of the three

temperatures. Any data points that are aligned vertically (ie. have the same xSb value)

correspond to the data from the same sample.

FIGURE 6.36: Unstrained valence band position of InAs1−xSbx as a func-
tion of xSb, derived at three temperatures from the Eg(α) data. The posi-

tion of the band is defined with respect to Ev,InSb = 0 meV.

As expected, VBPInAsSb tends towards VBPInSb = 0 meV with increasing xSb, simul-

taneously raising the confining potential of the InAsSb superlattice wells (see Figure

6.37). It can be seen that in this formulation of the band structure model, the valence

band position of InAs1−xSbx at a given Sb fraction has a linear dependence on temper-

ature corresponding to a downwards shift of about 20 meV between 300 and 77 K (note

that no cryogenic data was available for sample XV0235 at xSb = 0.41).
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FIGURE 6.37: Top: valence band offset of InAs/InAs1−xSbx as a func-
tion of xSb. Bottom: the corresponding conduction band offsets. The
crosses/triangles on both represent the strained/unstrained offsets re-

spectively, and lines are included as a visual guide.

Figure 6.37 shows the resultant valence (top) and conduction (bottom graph) band

offsets that arise when the band structure is calculated using the VBPInAsSb values from

Figure 6.36 (note that the two graphs have different y-scale ranges, corresponding to

significantly larger VBO values compared to CBO).

The InAs/InAs1−xSbx valence band offset, or VBO, is parameter crucial for detector
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design which dominates the value of the fundamental bandgap experienced by heavy

holes (whereas the miniband position is only the secondary contribution - unlike the

InAs/GaSb superlattice). The values are colour-coded for measurement temperature

the same way as in Figure 6.36; the crosses on both graphs represent the strained (due to

epitaxial growth on a substrate) band positions that are actually present in the sample

band structure. Simply subtracting the known contribution of hydrostatic and shear

strain (as per Equations 6.3) results in the unstrained (substrate-independent) valence

band offsets:

VBO = |Ev,InAs +
∆0,InAs

3
− Ev,InAsSb −

∆0,InAsSb

3
| (6.4)

which are visualised in both graphs of Figure 6.37 as triangles. Due to the direct

correspondence to VBPInAsSb, the VBO values show the same (albeit negative) linear

temperature dependence, with a decrease of about 45 meV as temperature rises from

77 to 300 K. As stated before, VBO increases with xSb, yielding stronger heavy hole con-

finement and narrower bandgaps. The conduction band position CBO, which has little

effect on the absorption properties of weakly confining type-IIb superlattices, shows

very little xSb dependence.

When the shear and hydrostatic strain contributions (the former of which is found to be

dominant in all samples) are excluded from the band position calculations, the offsets

of both bands shift appreciably downwards; the CBOs, which are strongly affected by

shear strain, lose most of their value in line with the broadly accepted weak type-IIb

alignment of the InAs/InAs1−xSbx superlattice.

A miniband position is defined as the energetic distance of the carrier miniband in a su-

perlattice from the bottom of the respective bulk conduction/valence band position, as

can be appreciated in the Figures 6.35, 6.33 and 6.34 band diagrams. It is found that the

miniband position (and thus it contribution to bandgap widening) is far more sensitive

to the thickness of the superlattice period dSLS than the band offsets (and thus confine-

ment potentials); indeed there is no correlation between the depth of the potential well
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and the carrier energy levels (as one would naively expect from a quantum well ap-

proximation of the superlattice); and even if a weak correlation is hidden in the data, it

would be overridden by other dominant factors which arise due to the fact that multiple

structural parameters are varied between the samples. Instead, it is possible to observe

a clear dependence of the sum of the e1 and hh1 minibands on the total superlattice

period, in a manner analogous to the bandgap control method in InAs/GaSb superlat-

tices; this is important for the fine-tuning of the superlattice bandgap (as demonstrated

earlier in the chapter on samples XV0160, XV0159 and XV0154) for their use in detec-

tors. The plot of the miniband sum as a function of the total superlattice period can

be seen in Figure 6.38. The decrease is most pronounced on the short end of the dSLS

range, with the larger dSLS values assuming a more shallow slope.

FIGURE 6.38: The sum of the e1 and the hh1 miniband positions as a
function of superlattice period for a range of samples and temperatures.

The lines are a visual guide only.

As can be seen, bandgap control in InAs/InAs1−xSbx superlattices can be achieved

by two methods: variation of xSb (and therefore the valence band offset) and variation

of the superlattice period dSLS. In the most general terms, the advantages and disadvan-

tages of thinner/thicker superlattices are already presented in Table 5.1 in Section 5.1.
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Additional caveats arise with the use of the MBE growth method due to the fact that

the group V (As/Sb) incorporation into an alloy cannot be easily predicted as a result of

their temperature-dependent (and always less than 1) sticking coefficients (as discussed

in Section 4.1). It is generally found that the growth-to-growth variation around the tar-

get xSb can be 0.01-0.02. Moreover, Sb variation of up to±0.07 has been measured across

wafers due to slight substrate temperature gradient present during growth (see Section

5.4.1). In contrast, superlattice period control is achieved via temperature variation of

a single group III element (In) with a temperature-independent sticking coefficient of

1, resulting in good parameter uniformity and an error of no more than 1% of the total

dSLS. It can be shown that the error on layer thickness has an appreciably less delete-

rious effect on the reproducibility of the bandgap than the Sb variation, by modelling

samples XV0160 (MWIR) and XV0440 (LWIR) with 1% variation of dSLS, and xSb± 0.01.

For sample XV0160, the uncertainty on the period is less than 1 Å, which results in a

bandgap shift of less than 1 meV; meanwhile the xSb shift results in a bandgap change

of ±6 meV, corresponding to an effective cut-off wavelength range of 6.13-6.52 µm in

the detector. Since the detected wavelength has a reciprocal dependence on energy of

the bandgap, the optical properties of a LWIR superlattice are increasingly more sensi-

tive to Sb incorporation variations during growth than the MWIR ones. This is evident

from modelling the changes in XV0440: once again the 1% error in dSLS results in a less

than 1 meV shift, whereas the ±6 meV bandgap range resultant from a ±0.01 Sb drift

gives rise to an effective 10.7-11.7 µm cut-off wavelength range in the final detector. It is

therefore possible to make the argument in favour of utilising dSLS as a control parame-

ter for the bandgap, especially in long-wavelength superlattices: the larger the fraction

of the bandgap that arises from the miniband size rather than VBPInAsSb, the smaller its

overall error. On the other hand, however, smaller dSLS will result in a lowered optical

ground state density of states as per Equation 6.1; in the end, the final form of the op-

timised structure will depend on the priorities and the manufacturing methods of the

user.
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6.5.1 Conclusions

This Section summarised the optical properties of this work’s samples: transmission,

absorption coefficients and photoluminescence of undoped InAs/InAs1−xSbx super-

lattices, and the spectral response of the nBn devices. Fundamental optical bandgaps

Eg are identified, and later compared to theoretical values derived using the Kronig-

Penney model.

Section 6.1 focuses on the results derived from Fourier Transform Infrared spectrome-

try: absorption coefficients α (Section 6.1.1) and spectral response SR (Section 6.2). First,

in Section 6.1.1, transmission spectra of the undoped epilayer samples are presented,

followed by an outline of how they are used to calculate absorption coefficients.

These absorption coefficients α are presented in Section 6.1.2. 300 K absorption co-

efficients of three representative samples with λcut−o f f ∼ 6, 9 and 13 µm were then

compared to literature values of other materials, bulk and SLS, commonly used in IR

detectors (including HgCdTe), and were found to have comparable values. This is a

particularly useful observation in the light of the expectation that the InAs/InAs1−xSbx

SLS system would have impeded absorption compared to other materials (as discussed

in Section 3.4.2). Next, the procedure of extracting the fundamental bandgap Eg from

α(hν) is outlined; Eg values are found for a series of samples at 300 K, showing a con-

sistent dependence on xSb. This analysis is then extended to temperature-dependent

absorption coefficients, and Eg(T) is obtained.

Extraction of Eg(300K) initially proceeded under two scenarios: that the system has a

direct (α ∝ (hν)1/2) and indirect bandgap (α ∝ (hν)2). However, the first-derivative

method (Figures 6.12 and 6.22), better overall robustness of the direct-bandgap results

(Table 6.1), lack of temperature dependence in the α(T) gradients (Figure 6.13 inset),

and better agreement of α- and SR-derived data strongly favoured the direct-bandgap

scenario, and so all subsequent analysis was carried out under this assumption.

The other FTIR-derived measurement presented was temperature-dependent spectral

response of the nBn devices (Section 6.2). Analysis of SR(160K) of three similar MWIR
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devices shows that XV0576 has the sharpest absorption onset, likely due to an appro-

priate combination of doping density and superlattice period. Sample XV0650 appears

adversely impacted by the ten-fold increase in n-doping compared to the other two

samples. SR(T) of two LWIR samples is also presented, with λ50% varying between 9

at 77 K and 11.5µm at 200 K. The dual-colour QA504 device is shown to operate as ex-

pected, despite the likeliness that the layers in the sample are at least partially relaxed.

XV0208, grown on an AlSb buffer, shows atypical features near λcut−o f f , suggesting

that absorption features are dominated by transitions other than direct band-to-band.

Instrumental factors are also possible. Further, Eg(T) of the GaSb-grown nBn devices

were extracted using SR2(hν) linear fits.

Three MWIR undoped epilayer samples were characterised at 4 K using power-dependent

photoluminescence measurements in Section 6.3. The resultant peaks were fitted with

Gaussian fits and analysed using the first-derivative method, which identifies the point

of strongest change in absorption, was then applied.

In Section 6.4, all the Eg(T) data derived in previous Sections is collated and analysed

using the single-oscillator model outlined in Section 2.1.2. The full temperature fits of

the Eg(T) datasets are presented for samples XV0154, XV0159 and XV0160; the samples

were designed to have the same xSb but different dSLS, which results in clear bandgap

differences at all temperatures. The single-oscillator fitting parameters are then recal-

culated into the Varshni model parameters and compared to literature results for com-

parable bulk materials, as well as other InAs/InAs1−xSbx superlattices. In all cases,

temperature response of the bandgaps calculated here is found to be less pronounced

than the literature values. Einstein temperature TE is also found to be less than in liter-

ature. The nBn devices are found to be more temperature-dependent than the undoped

superlattices, however their comparison with literature nBn values follows the same

pattern.

In the final Section of the Chapter (6.5), the Kronig-Penney model is used to model in

detail the band structure of InAs/InAs0.825Sb0.175 samples XV0154, XV0159 and XV0160,



Chapter 6. II. Results and discussion: Optical Properties 167

and the miniband differences arising from their varied dSLS. The model is then ap-

plied to other undoped epilayer samples with Eg(T) datasets in order to derive the

InAs1−xSbx valence band position VBPInAsSb with respect to VBPInSb = 0 eV, which

is a standard reference point for VPB of III-V semiconductors. Strain-free valence and

conduction band offsets (VBO and CBO) are also calculated as a function of xsb, demon-

strating the type-IIb nature of the InAs/InAs1−xSbx superlattice.

6.5.2 Future work

In terms of methodology, the cryogenic FTIR transmission measurement can be refined:

the sample holder could be redesigned such that it has no rotational axis and is located

at the beam focus, which would minimise baseline errors. Although an in-house de-

signed nitrogen purging system for the FTIR is in place, its use has not been optimised.

Time-resolved photoluminescence spectra could also be commissioned in order to bet-

ter differentiate between different types of carrier transitions in the superlattices.

The absorption coefficient α can be improved by increasing the ratio of the heavy hole

well thickness dInAsSb to dSLS
119; for LWIR applications, this would require the optimi-

sation of strain-balanced growth on the AlSb constant as discussed in Section 5.5.

The modelling capabilities could be extended by incorporating the option to calculate

the associated densities of states, and e1-hh1 wavefunction overlaps.
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Chapter 7

III. Results and discussion: Device

Performance

In addition to spectral response obtained on a Fourier Transform Infrared spectrome-

ter (Section 6.2), the properties of a series of nBn devices were characterised using a

cryogenic probe station (see Section 4.6.3 for the method) and a blackbody apparatus

(Section 4.6.2). The first measurement provided the dark current response to bias (IV

characteristics), outlined in Section 7.1.1, yielding dark current density Jd for each de-

vice. In Section 7.1.2 this data is further processed into voltage-dependent Arrhenius

plots which provide information about activation energy Ea and the valence band offset

at the barrier interface. The blackbody measurement is used in combination with band-

pass filters to obtain the responsivity R of an nBn within a certain wavelength range

(Section 7.4), which is then recalculated into quantum efficiency QE in Section 7.2.2.

Finally, the R and Jd data is combined into specific detectivity D∗ in Section 7.3.

7.1 IV characteristics

7.1.1 Dark current density Jd

Dark (leakage) current - the current flow in the device arising in response to factors

other than the generation of photocarriers - is measured for a number of samples using
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the method outlined in Section 4.6.3 and analysed with reference to the current mech-

anisms discussed in Section 2.2.2. In order to ensure the reliability and repeatability of

the data, three devices for each sample were chosen with diameters ddev = 800, 400 and

200 µm at the beginning of the measurement, then re-measured between 77 and 300

K at temperature intervals of 20 K; these temperature-dependent current densities are

plotted as an absolute function of device bias (ie. so-called JVT plots) for six samples

in Figure 7.1. The relevant structural information for each sample is included on graph

(the full details can be seen in Appendix B); it is important to note that the dual-colour

QA504 sample is structured such that the bottom superlattice acts as the LWIR absorber,

while the top superlattice, customarily designed as the optically inactive contact layer,

assumes the role of the MWIR layer. Therefore the positive bias region represents the

dark current in the MWIR layer.

Sample XV0161 demonstrates a significant overall decrease of current between 300

and 77 K, indicating a large value of activation energy Ea (discussed in detail in the

following Section 7.1.2), as well as the lowest Jd values of all the samples (the noisy

77 and 100 K curves correspond to the noise floor of the multimeter). At low temper-

atures two distinct types of behaviour are in evidence: voltage dependence at lower

bias and current saturation at voltages above -0.35 V in magnitude. The former likely

arises due to carrier tunnelling across the non-negligible valence band offset at the bar-

rier interface, which proceeds until the potential barrier is overcome at higher bias and

the current starts tending towards diffusion-limited behaviour. As temperature rises,

thermal energy supplied to the carriers increasingly contributes to overcoming the bar-

rier, indicated by decreasing voltage dependence. The presence of a valence band offset

in Sample XV0161 is indeed further confirmed in the voltage dependence of activation

energy Ea, at outlined in Section 7.1.2, and is the likely reason for the low overall Jd of

XV0161.

The instance of a misaligned barrier contributing to a deceptively low dark current is

thought to explain the elevated Jd of XV0576: a strain-balanced device grown on native
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FIGURE 7.1: Temperature-dependent absolute dark current densities as
functions of device bias, measured between 77 and 300 K with incre-
ments of 20 K. All results are for ddev = 400 µm, aside from QA504,

which is for ddev = 200 µm.

GaSb with a well-aligned (see Section 5.4.3), lattice-matched 110 nm barrier neverthe-

less shows poor dark currents when compared to both the rest of the sample set as well
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as other comparable technologies (eg. Rule 07 in the following Section). The device

displays diffusion-limited behaviour at higher temperatures as expected, but an onset

of voltage dependence can be observed as temperature decreases to T = 77 K. As-

suming that the dark current in sample XV0161 is artificially suppressed by a valence

band offset, it is possible that the low doping of the XV0576 is insufficient to suppress

JSRH. Another possibility is a tunnelling current mechanism somewhere in the sam-

ple (which would have a stronger than JSRH voltage dependence). Because no other

immediate explanation arises from the structural properties of the nBn itself, a com-

plementary explanation can potentially be found in the growth process of the device,

such as an abnormally high concentration of background impurities or the insufficient

optimisation of the growth stage of the GaSb buffer layer that follows substrate deoxi-

disation, resulting in additional dislocations.

Sample XV0650 incorporates a superlattice and barrier structure that is very similar or

identical to that of XV0576, but demonstrates Jd response much more characteristic of

an ideal nBn device: a strong and sustained temperature dependence of the current as

well as diffusion-limited behaviour down to 160 K. The sample is structurally different

in two ways: dabsorber is doubled to 8.7 µm, and the n-doping increased by on order

of magnitude to 5× 1017 cm−3. The expected consequence of the latter is two-fold: it

disables mid-bandgap traps acting as recombination centres, and reduces the effective

absorber volume via decreased carrier lifetimes, preventing collection of majority car-

riers generated deeper in the absorber. In turn, the thicker absorber is shown to result

in no additional degradation of crystal quality in the XRD scans in Section 5.4.3; also,

a combined effect of reduced carrier lifetimes and increased absorber thickness could

be that any extra dark current generated in the GaSb buffer layer (as discussed above)

never reaches the top contact. While the Jd characteristics of this sample are thus de-

sirable for detector performance, quantum efficiency measurements (see Section 7.2.1)

show poor photocarrier extraction compared to XV0576 - for optimal detector perfor-

mance, a correct balance of absorber doping and thickness will need to be achieved.

Samples XV0552 and XV0208 are LWIR devices with xSb = 0.31 and 0.33 respectively.
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The overall increase of current magnitude due to the narrowing of the bandgap (and

thus increasing the trap-assisted SRH process across it) is apparent. The lowest tem-

perature curves have pronounced voltage dependencies that are likely a combination

of absorber depletion and valence band offset tunnelling (in Section 7.1.2 both sam-

ples are shown to have non-negligibly offset valence band junctions with their barri-

ers, which would artificially impede the dark current). The ’bunching’ of the higher-T

curves in the diffusion-limited regime occurs at very high currents and is a combination

of suitably lower activation energies and the read-out circuit resistance becoming non-

negligible. Although XV0208 was grown on an the lattice-mismatched GaAs substrate

with an AlSb buffer layer rather than the native GaSb (and hence is affected by a larger

dislocation density - see Section 5.4.6), it shows lower Jd which however could be due

a more strongly misaligned barrier or a barrier elsewhere in the device, rather than a

property of the structure.

The sixth JVT plot shows the dual-colour QA504 sample where both superlattices act

as absorbers. Despite the coupled XRD scan showing strong evidence of relaxation in

the entire structure, the MWIR (top) superlattice displays diffusion-limited behaviour

down to 140-160 K, albeit some evidence of high-bias dependence is present. Bias de-

pendence dominates the current in the LWIR layer up to much higher temperatures,

however, likely due to a large potential barrier experienced by minority holes as they

are extracted across the stepped barrier layer and into the MWIR absorber.

Comparison with Rule 07

The dominant infrared detector technology is based on bulk HgCdTe material, and is

known to have the lowest dark currents in the field (see Section 3.3). In order to en-

able easy comparison of other IR technologies with CMT, and to provide a convenient

benchmark for their performance, Tennant et al78 have derived an empirical relation-

ship between the dark current density of the CMT detector Jd, its cut-off wavelength

λcut−o f f and the detector temperature. Because Jd calculated with Rule 07 represents

diffusion current due to Auger 1-generated minority carriers in an n-doped neutral
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absorber79, the comparisons can be carried out independently of bias and represent a

useful reference point for superlattices, whose Auger processes are meant to be sup-

pressed. In order to plot the Jd data discussed in the preceding Section as a function

of the cut-off wavelength λcut−o f f (T) for each sample is taken to be λ50% as defined in

Section 6.2.

FIGURE 7.2: Comparison of dark current densities from this work with
Rule 07 as functions of cut-off wavelength. The grey dashed lines join
the data points for the same sample, aside from XV0208. Top: the data
and Rule 07 plotted at T = 77 and 160 K. Bottom: Comparison of the
data to other IR structures incorporating barrier architecture (collated by

Rhiger79).

The top graph of Figure 7.2 shows the Jd(λcut−o f f ) data plotted for two operational

temperatures: 77 and 160 K, with the equivalent Rule 07 plots included. All the Jd val-

ues were extracted from bias of -0.1 V aside from Q504 MWIR, which was +0.1 V. The

grey dashed lines join the data points for the same sample. It is evident that at T = 77

K all the samples are operating in a regime limited by tunnelling and potentially SRH,
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because all the Jd values lie several orders of magnitude above Rule 07; although the

LWIR samples lie closer to Rule 07 than the MWIR ones, this could be a sign of com-

promised carrier extraction due to a barrier valence band offset. In contrast, it can be

appreciated that diffusion becomes more prominent at 160 K. The bottom graph draws

a wider comparison with literature LWIR devices implementing a barrier as collated by

Rhiger79 (also briefly presented in Section 3.3). The author notes that the proximity of Jd

to Rule 07 increases with αcut−o f f (which is also observed in this work) and speculates

that this could be due to the fact JSRH ∝ ni, whereas Jdi f f ∝ n2
i , where ni is the intrinsic

carrier density64,174; because ni increases with λcut−o f f , diffusion current would come

to dominate over JSRH at lower temperatures.

7.1.2 Arrhenius plot and activation energies

A current-related advantage intrinsic to the nBn architecture is that the barrier layer

suppresses surface majority carriers as well as bulk ones, effectively acting as a passi-

vation layer. That this is the case for the structures discussed here is demonstrated in

Figure 7.3, which features a plot of dark current density Jd at a constant temperature

and voltage (noted on the graph) plotted as a function of the diameter-to-area ratio of

each device. A flat line is characteristic of current densities with no significant surface

current component, which is observed for all the presented structures.

FIGURE 7.3: Jd of nBn devices at a constant temperature and voltage
plotted as a function of the diameter-to-area ratio of each device. A flat

line shows that there are no significant surface currents in the device.
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An Arrhenius plot is the Jd(V, T) of a sample at a constant V plotted as a function of

1000/T. The usefulness of this format arises from the observation that both JSRH and Jdi f f

vary exponentially in response to temperature, according to the relationships outlined

in Section 2.2.2:

JSRH ∝ ni ∝ Trexp
(
−Etr

kT

)
Jdi f f ∝ n2

i ∝ Trexp
(−Edi f f

kT

) (7.1)

where Etr is roughly equal to 1/2Eg and Edi f f ∼ Eg at cryogenic temperatures;

whereas r is a factor related to the Moss Burstein energy of the superlattice and can

vary between ∼ 1.5 and ∼ 364 (see below). As such, an Arrhenius plot is a more conve-

nient tool for identification of diffusion- and SRH-limited current regimes than simple

JVT curves.

The conventional way of representing combined current in a p-n diode, J ∼ exp(−Ea/kT)175,

is insufficient for a doping regime where the resultant Moss-Burstein (band filling) en-

ergy is non-negligible compared to kT64. That this is the case for the discussed super-

lattices can be shown by comparing the joint optical density of states to the doping

levels165:

ρ0 =
2

πE1d3
SLS

(7.2)

where E1 is the electron bandwidth E1 ≡ E(π/d) − E(0)95 calculated using the

model in Section 6.5, and dSLS is the total superlattice period. The ratio of the doping

density nD to ρ0 then gives an estimate of the band edge shift due to band filling, and

the sample-specific results can be seen in Table 7.1. The kT values represent the nom-

inal operational temperatures, 77 K for LWIR and 160 K for MWIR devices. It can be

immediately appreciated that in none of the cases band filling is negligible; and while

sample QA504 cannot be reliably modelled due to high relaxation of its layers, there is
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TABLE 7.1: Optical joint densities of states of the nBn devices, and the
resultant estimated Moss-Burstein (band filling) energies. kT is defined
at the nominal operational temperatures for the detectors, T = 77 K for

LWIR and T = 160 K for MWIR.

Sample dSLS (cm) E1 (eV) ρ0 (eV−1cm−3) Band filling (eV) kT (eV)

XV0161 9.25×10−7 0.066 1.22×1019 0.005 0.0138

XV0576 13.31×10−7 0.057 4.74×1018 0.013 0.0138

XV0650 8.27×10−7 0.08 1.41×1019 0.036 0.0138

XV0552 10.61×10−7 0.073 7.30×1018 0.008 0.0066

XV0208 8.08×10−7 0.091 1.33×1019 0.005 0.0066

no reason to expect its Moss-Burstein energy to behave differently. As such, per recom-

mendation of Klipstein et al64 r is taken to be 1.5.

A representative activation energy Ea (which is equivalent to Etr and Edi f f from

Equation 7.1 depending on the dominant current mechanism) for a given sample is

calculated at -0.1 V bias, as this is a reasonable choice for operational voltage. The

data is then plotted on an Arrhenius graph and the high-T regime is fitted with the

Jd ∝ T1.5exp(−Ea/kT) function, the results of which can be seen in Figure 7.4. The

black lines represent the fits, the red lines are the corresponding Rule 07 curves, and

the insets show the bias dependence of Jd in the range -0.01 to -0.4 V (positive for the

QA504 MWIR layer). The effect of the barrier on carrier flow can be discerned in sam-

ples whose dark current is further suppressed than the ideal Auger-1 diffusion-limited

scenario of Rule 07: XV0161, XV0208 and XV0552 (note that the high-T Jd of XV0208

shows anomalous behaviour more likely arising due to experimental rather than struc-

tural factors, such as not allowing enough time for it to reach thermal equilibrium, and

device damage at 280 and 300 K; as such, this data is excluded from the fit). Samples

XV0576 and XV0650 show diffusion-limited behaviour approaching Rule 07 at higher

temperatures, with the cross-over temperatures T0 of around 200 and 140 K respec-

tively; meanwhile, sample XV0552 demonstrates both SRH-dominated behaviour and

strong bias dependence.
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FIGURE 7.4: Arrhenius plots and Jd voltage dependencies of nBn de-
vices. The operational bias on all the main graphs is -0.1 V (+0.1 V for
the QA504 MWIR layer). The black curves are Arrhenius fits and the red
curves represent Rule 07. Insets: voltage dependence of Jd in the range

-0.01 to -0.4 V.
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Importantly, when the low-temperature regions are fitted, only sample XV0161 shows

Ea of approximately half Eg(77K), equal to 97 meV; the low-T activation energy of all

the other samples is much lower, and thus likely representing contribution of band-

to-band tunnelling in a small depletion region present next to the barrier, or barrier

tunnelling where dbarrier is sufficiently small, rather than the SRH current.

Designing an effective nBn device is dependent on incorporation of a barrier that results

in a flat valence band across the whole structure. In practice, calculating the barrier

from literature parameters does not guarantee a full barrier alignment and should be

complemented with observations from experimental data. Two types of measurements

in this work can give insight into the barrier alignment: activation energy extracted

from Arrhenius plots, and responsivity voltage dependence (Section 7.2.1). When Ea

for the same device is calculated at different voltages, the presence of bias dependence

at lower values points to the existence of valence band offset between the SLS and

barrier. This bias dependence in presence of a valence band offset can be linked to

voltage-activated carrier tunnelling across a potential barrier with a thinner (due to

band bending) thickness, as seen in Figure 7.5.

FIGURE 7.5: An nBn device with a non-zero valence band offset under
negative bias. Increased bias causes enhanced carrier tunnelling.

The relationship between the high-T Ea obtained from Figure 7.4, the low-T bandgap

Eg(77K) (extracted from spectral response measurements as per Section 6.2) and bias

V for each sample is summarised in Figure 7.6. Because Jd is considered diffusion-

limited when its Ea approaches Eg(0K) and SRH-limited when Ea ∼ 1/2Eg(0K), the ratio
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(Ea)/(Eg(77K)) is plotted on y-axis for easy identification (it is believed that Eg(77K) ∼

Eg(0K) is a reasonable approximation considering the temperature-dependent bandgap

behaviour observed in 6.4). A structure is defined to have no barrier when the ’low-bias’

regime, taken to fall below -0.2 V, shows no appreciable voltage dependence.

FIGURE 7.6: The ratio of activation energy Ea to the 77 K bandgap of
each device as a function of bias. The blue guiding lines denote samples
with no substantial valence band offset between the superlattices and
the barrier, while the orange lines represent samples affected by barrier

presence.

Three samples fulfill this criterion: XV0576, XV0650 and QA504 MWIR. The fact

that the latter two structures also demonstrate Ea > Eg(77K) (where Ea = Eg(77K)

is maximum theoretical value) could be a convolution of three factors. First, Eg(77K)

could be an underestimate of Eg(0K) (in which case all the ratios would shift down-

wards). Second, because the r parameter in Equation 7.1 can have a value anywhere

between 1.5 and 3, it is possible that it is underestimated (which would overestimate Ea

and again shift all the curves downwards). The third (and least pronounced) factor is

that since a variation of xSb± 0.001 is known to exist across devices grown on GaSb (see

Table 5.2 in Section 5.4.4), the different devices used in JVT and spectral response mea-

surements could potentially have slightly different bandgaps. Once these factors are
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accounted for it is reasonable to say that these two devices are diffusion-limited. The

strong voltage dependence of the QA504 LWIR layer where there is none in the MWIR

layer is easily explained by the stepped architecture of the barrier: carriers flowing out

of the MWIR layer do not experience a potential barrier at any point, whereas the LWIR

carriers need to overcome a number of potential steps in order to be collected. This is

reflected in both the inflated low-V Ea value and the overall voltage dependence. For

sample XV0552, the significance of the valence band offset is unclear; while the sample

does show voltage dependence, Ea never rises above Eg(0K), pointing instead to an Ea

behaviour dominated by a combination of diffusion and SRH mechanisms.

7.2 Quantum efficiency

7.2.1 Responsivity

Responsivity of two MWIR and two LWIR samples was acquired using the method

described in Section 4.6.2. In order to precisely quantify the optical power that reaches

the sample surface, additional characterisation of the bandpass filters was carried out in

order to obtain Γ, the bandpass filter transmission factor, which represents the fraction

of the blackbody power modulated by the blackbody lineshape, filter transmission,

and atmospheric absorption. The blackbody energy density was calculated using the

emitter temperature TBB = 550◦C and the equation

SBB =
8πhc2

λ5
1

exp
(

hc
kTBBλ

)
− 1

(7.3)

where λ is the wavelength of the emitted photon. The resultant curve, represent-

ing energy per unit volume per unit wavelength, is then normalised to the integrated

area of the spectrum. The filter transmission spectra were obtained using the FTIR -

it is generally recommended to obtain the filter spectrum at the same temperature as

that of the actual responsivity measurement, because the bandpass range shifts a small

distance (∼0.05 µm) towards higher wavelengths in response to rising T. The rest of
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the process of calculating Γ can be understood with the help of Figure 7.7: the transmis-

sion spectrum (which shows some reflection artifacts, discussed in Section 6.1.1) has

the atmospheric absorption subtracted from it, the output of which is then multiplied

by the normalised blackbody spectrum, and that is finally integrated to find the area.

The LWIR bandpass filter (not shown) covers the range 8.0-10.2 µm at 77 K.

Gold is near 100% reflective in the MIR region, hence it is also important to account

for any topside electrical contacts on the device. This is done based on the CAD file of

the device mask and the contacts are found to reduce the effective device area by about

37%.

FIGURE 7.7: Calculating the filter transmission factor from transmission
data of the 3.7-5.0 µm filter. a) Transmission spectrum of the filter at 160
K. b) Transmission spectrum after accounting for atmospheric absorp-
tion (see Inset). c) Multiplying b) by the normalised blackbody energy
density spectrum at TBB = 550◦C (see Inset) and integrating results in

the fraction of the blackbody power output incident on the device.

Care needs to be taken to precisely align the different components of the measure-

ment, and to isolate any reflected light and light otherwise not emitted by the blackbody

element from impacting the detector. For each measurement the pre-amplifier gain (in

A/V) and the corresponding lock-in signal (in V) were recorded. The lock-in signal

is further converted from Vrms to Vpeak by dividing the former by 0.45 as required by

the SR830 signal conversion process176. Multiplying gain and Vpeak yields Ipeak with

responsivity equal to

R =
Ipeak

PBB
(7.4)
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where PBB is the incident optical power calculated using Equation 4.5. For the

sample XV0576, responsivity was measured at multiple aperture diameter (2ra) and

aperture-device distance (d) values in order to ascertain the influence of physical pa-

rameters on the results, which can be seen in Figure 7.8.

FIGURE 7.8: Responsivity of the MWIR sample XV0576 as a function
of aperture diameter (x-axis) and aperture-device distance d (colour-

coded).

The device diameter was 800 µm, device temperature 160 K and bias -0.1 V. No sys-

tematic dependence can be discerned on either ra or d. The very slight decrease with

increasing ra, if real, could be attributed to an increasing amount of stray (ie. not black-

body) light entering the aperture as its radius increases. This effect is evident in the two

measurements taken at ra = 11 and 8 mm: they were taken at a value of ra exceeding the

calculated limit imposed by the geometry of the setup and as such, they are excluded

from analysis. Otherwise, the random scatter of values points to a dominance of factors

such as small shifts in alignment between measurements, human error in setting aper-

ture size, and fluctuation of the lock-in signal (although error specifically due to signal

fluctuation was not quantified, the lock-in signal was generally stable for all samples,

so it would be reasonable to assume that the uncertainty calculated for sample XV0576

is the same for the rest). The mean responsivity of XV0576 in this measurement is then

calculated to be 1.70±0.11 A/W. This can be compared to peak responsivities of MWIR
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InAs/InAs1−xSbx nBn detectors by Teledyne, presented in Section 3.5.1, specifically in

Figure 3.9, which shows peak R of ∼2.25 A/W at temperatures above 200 K. While this

is an appreciably higher value, it should be noted that this peak lies at a shorter wave-

length ∼ 4.2 µm, and is obtained using anti-reflection coating130.

The XV0576 result is also a far higher value than 0.23±0.01 A/W found for the sample

XV0650 (obtained using identical methods). As discussed in Section 6.2 regarding the

gradient of absorption onset, this is most likely explained by the increased n-doping

in the absorber (5×1017 cm−3 versus 6×1016 cm−3), which would cause a severely de-

creased minority carrier diffusion length (and a smaller resultant absorbing volume)

through increased majority electron concentration. This has clearly impeded respon-

sivity of the device; on the other hand, limiting minority carrier diffusion length is

useful in preventing cross-talk between pixels in linear or 2D arrays.

In addition to Arrhenius plots, studying the bias dependence of responsivity is another

method of gauging the presence of a valence band offset between the barrier and the

superlattice layers. Figure 7.9 shows the responsivity of the two MWIR samples plotted

as a function of device bias.

FIGURE 7.9: Bias dependence of the responsivity of samples XV0650 and
XV0576.

Some presence of a valence band offset with the barrier is evident below -0.1 V (both

samples have nearly the same xSb and barrier composition, as shown in Table 5.4). At
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higher voltages XV0650 tends towards an asymptote while XV0576 begins to decline -

this is most likely symptomatic of the more strongly bias-dependent dark current flow-

ing in XV0576 at higher V, as seen in Figure 7.1, and so causing loss of photocurrent.

This is in contrast to XV0650 whose IV behaviour at 160 K is diffusion-limited and so

V-independent.

Two LWIR samples, XV0548 and XV0552, were also characterised, with the results plot-

ted in Figure 7.10. Sample XV0552, despite the poorer barrier alignment with the va-

lence band, has its responsivity saturate at -0.1 V, the same region as sample XV0576;

while the structurally compromised XV0548 barrier (due to the Al flux changing during

barrier growth, causing a graded composition) is evident in the voltage dependence of

XV0548. Despite the additional potential barrier, however, XV0548 shows responsivity

of about two orders of magnitude larger than the other sample, indicating influence of

another structural factor, such as poorer strain balancing. The overall poor reponsivity

of these samples is more likely explained by the misalignment of the 8.0-10.2 µm filter

bandwidth with their spectral response range rather than a more fundamental limita-

tion of the structures, as shown in the following Section 7.2.2.

FIGURE 7.10: Bias dependence of the responsivity of samples XV0548
(left) and XV0552 (right).
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TABLE 7.2: The external and internal quantum efficiencies of two MWIR
and two LWIR samples. Data obtained at -0.1 V bias and 160 K (MWIR)

and 77 K (LWIR).

Sample XV0576 XV0650 XV0548 XV0552

EQE (%) 32.6±2.2 4.3±0.3 0.26±0.07 (1.2±0.08)× 10−2

IQE (%) 49.7±3.4 6.6±0.5 0.35±0.09 (1.6±0.01)× 10−2

7.2.2 External quantum efficiency

External quantum efficiency EQE is fundamentally defined as a ratio of carriers col-

lected by the detector to incident photons of a given energy (see Equation 2.40). In order

to quantify the total photon flux emitted by a blackbody within a certain wavelength

interval, first the blackbody spectral radiance is defined in terms of wavelength142:

Lλ =
2hc2

λ5
1

exp(hc/λkT)− 1
(7.5)

which denotes power emitted per unit area per solid angle per unit wavelength

interval. Dividing by photon energy and integrating over photon wavelength then

yields photon number per second per unit area per steradian1:

Nph =
∫ λ2

λ1

Lλ

hc/λ
dλ (7.6)

To acquire photon flux incident on the device, Ndev, Equation 7.6 is integrated across

the entire spectrum, then modulated by system throughput Θ, ZnSe window transmis-

sion and the filter transmission factor just like Equation 4.5. Multiplying Nph by the

fundamental charge then gives the hypothetical maximum current Imax at 100% QE.

External quantum efficiency is then simply

EQE =
Ipeak

Imax
(7.7)

defined for the wavelength range of the filter used. The resultant quantum efficien-

cies at -0.1 V, obtained from the same data as that for responsivity, can be seen in Table

7.2.
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The MWIR sample XV0576 demonstrates good quantum efficiency for a device with

no anti-reflective coating or double-pass architecture, comparable with InAs/GaSb- as

well as InAs1−xSbx-based structures reported in Sections 3.4.2 and 3.5, and is expected

to be improved further with a fine-tuned barrier composition. Sample XV0650 is obvi-

ously affected by its doping density as discussed before; moreover, the LWIR samples

suffer from filter misalignment as shown in Figure 7.11.

An instrumental factor to consider is the choice of bandpass filters for these tests, whose

spectral ranges do not align with the the region of maximum response of the sample

(see Figure 7.11). This is particularly pronounced for the LWIR samples whose absorp-

tion edge just barely falls within the 8-10.2 µm filter range, because the modulation of

the incident blackbody power by the filter transmission factor (Equation 4.5) assumes

absorption across the entire bandpass range. The real quantum efficiencies are therefore

likely to be higher (especially for the LWIR samples) and an optimised measurement

setup would make use of custom-designed bandpass filters.

FIGURE 7.11: Spectral responses of samples XV0576 and XV0548 com-
pared to the bandpass filter ranges used in the quantum efficiency mea-

surements.

7.2.3 Internal quantum efficiency

Internal quantum efficiency (IQE) is defined as external QE divided by (1− Rs), where

Rs is the reflection at the sample-air interface, ie. it is a ratio of generated electron-hole
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pairs to the number of photons entering the absorber (see Section 2.2.3). Because Rs is

a function of the refractive index nSLS and the extinction coefficient kSLS, it is also indi-

rectly dependent on photon wavelength λ (Equations 2.33, 2.35 and 2.34). Ideally, EQE

would have been quantified as a function of λ as well (eg. by employing a monochro-

mator), but even with a single integrated EQE value it is possible to estimate the re-

sultant IQE. First, an effective nSLS for each sample within the bandpass range can be

established from the nSLS spectrum in Figure 7.12 by taking a mean of the data within

these limits. This yields n0576 = 3.84± 0.02, n0650 = 3.85± 0.02 for the MWIR samples

and n0548 = 3.01, n0552 = 2.82 for the LWIR ones. Second, for the purposes of estima-

tion, it can be realised that (1± nSLS)
2 � k2

SLS when the absorption coefficient αSLS is

of the order of ∼ 103 cm−1 and below. kSLS can subsequently be ignored without any

appreciable loss of accuracy. Applying the simplified Equation 2.33 and subsequently

2.41 to each sample then yields estimated internal quantum efficiency of the device and

the results can be seen in Table 7.2. So far this approach ignores the losses in the top

contact superlattice, as photocurrent generated in that region does not contribute to the

signal and so the real IQE will be somewhat larger.

FIGURE 7.12: The calculated refractive indices of the four samples with
the bandpass filter ranges overlaid in grey.
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7.3 Specific detectivity

By combining the dark current data discussed in Section 7.1 and device responsivity

(Section 7.2.1) it is possible to obtain the specific detectivity D∗ of the samples - the

reciprocal of noise-equivalent power, or the incident power necessary to lift the signal

above the noise floor of the detector, per unit bandwidth and normalised to device

area. Idealised noise current In is assumed to arise from two sources: thermal noise IT

and shot noise Ish. Thermal noise is a function of the dynamic resistance of the device,

Rdyn = dV/dI, which parametrises the response of current to a change in bias and so

can be extracted from data in Section 7.1. The Rdyn data for the four samples discussed

in Section 7.2.1 can be seen in Figure 7.13.

FIGURE 7.13: Dynamic resistance of two MWIR samples XV0576 and
XV0650 (left column) and two LWIR samples XV0548 and XV0552 (right).
The colour plots represent the corresponding absolute dark current in the
device. All the devices had a diameter of 800 µm, with an effective (due

to a reflective contact) diameter of ∼635 µm.

Sample XV0650 (red) demonstrates some noise at higher positive bias values that

is not immediately evident in the current data, and is likely due to a failing electrical
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contact to the sample. The gap in the data around +0.1 V for sample XV0548 (green)

corresponds to a single anomalous value of negative Rdyn. This is because the current

at this voltage undergoes a very small (< 0.05%) dip in value then rises again, creating

a negative and artificially small denominator for Rdyn; due to this, it is likely that the

following spike at Rdyn ∼ 1010Ω (where the current measurement recovers its rising

tendency) is also spurious.

Once Rdyn at the operational bias is known, the total In becomes straightforward to cal-

culate as per Equation 2.45. It should be noted that because responsivity is modulated

by the effective (rather than total) size of the device due to the reflective top contact

(where the real device diameter was 800 µm and the ’effective’ diameter was ∼635

µm), In is also scaled by the ratio of these two areas. ∆ f is taken to be 1 Hz. Once these

factors are accounted for, the D∗ of a sample is calculated for R at each bias in Figure

7.8, and the resultant values for the three devices (excluding XV0552) can be seen in

Figure 7.14.

FIGURE 7.14: Specific detectivity (D∗) of the three samples XV0650,
XV0576 and XV0548 as a function of bias.

Sample XV0548 shows a predictably lower result owing to its poor responsivity

and (typically for LWIR) high dark current. At its peak at -0.2 V its value is 1.1×1010
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cmHz1/2W−1; meanwhile, Figure 3.2 shows that the detectivity of the state-of-the-art

InAs/GaSb T2SL and HgCdTe devices operating at 77 K near 8-9 µm can be up to 4

times larger. Considering that the LWIR devices require substantial further optimisa-

tion in the barrier composition and bandpass filter compatibility, this result is still an

acceptable starting point for future improvements.

Tellingly, D∗ of the high-QE sample XV0576 is clearly compromised by its high dark

currents, with a strong voltage-induced decrease revealing the underlying SRH mech-

anism that dominates Jd of this sample. Nevertheless, it reaches 5.3×1010 cmHz1/2W−1

at the target operational bias of -0.1 V, a value comparable to, albeit about 2-3 times

lower than, other systems in the 4-5 µm range as per Figure 3.2. In order to optimise

this structure for detector applications, tackling the elevated Jd would be the first pri-

ority. The advantage of this step is evident in sample XV0650 which, despite its poorer

responsivity and QE, demonstrates comparable and even superior D∗ performance due

to its lower and better-behaved Jd.

7.4 Conclusions

This Section presented work done to characterise the InAs/InAs1−xSbx nBn devices’

properties. The dark current density Jd (Section 7.1) shows the expected diffusion-

limited behaviour at temperatures above 140-180 K for the MWIR samples, but varia-

tions in activation energy Ea (7.1.2) in the LWIR structures point to unoptimised barrier

compositions as the dominant property driving their current behaviour. Responsivity

R (7.2.1) is found to be the highest at 1.70±0.11 A/W for the low-doped MWIR sam-

ple XV0576 at the operational temperature of 160 K and bias of -0.1 V, and predictably

lower for samples with either higher doping or higher cut-off wavelengths. The cor-

responding peak internal and external quantum efficiencies QE (7.2.2) are 32.6±2.2%

and 49.7±3.4% respectively. Specific detectivity D∗ (7.3) is found to be ∼ 5 × 1010

cmHz1/2W−1 for two MWIR samples with otherwise very different Jd and R results,

demonstrating the merit of optimising both of these parameters.
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In Section 7.1.1, Jd for each sample is shown to display voltage-dependent behaviour

at lower T (corresponding mostly to barrier tunnelling), then diffusion-limited charac-

teristics as T increases. Jd of sample XV0650 is appreciably lower than that of XV0576

(which has a very similar structure) due to its 10-fold increase in n-doping. The data

are then compared to Rule 07 and InAs/GaSb barrier detector data collated by Rhiger

et al79, and found to fit the trend of the barrier detectors. In Section 7.1.2 first it is

shown that no surface currents occur in the devices. For some samples, Arrhenius

plots demonstrate current densities lower than that for Rule 07, however this is corre-

lated with voltage dependence of Ea, pointing to a presence of current-impeding po-

tential barriers in the devices. The two samples with minimised Ea voltage dependence

(XV0576 and XV0650) and so minimised potential barriers show diffusion-limited Jd

behaviour that matches Rule 07 at higher T.

In Section 7.2, the responsivity results are first reported (7.2.1) for the MWIR samples

XV0576 and XV0650, and the LWIR ones XV0552 and XV0548. An averaged R(XV0576)

at 160 K and -0.1 V bias is found to be 1.70±0.11 A/W (which is comparable to the pro-

posed Teledyne detectors), while the peak R(XV0650) is found to be 0.23 A/W, clearly

affected by the increased n-doping. R(XV0548) is ∼ 0.09 A/W at 77 K, most likely

affected by barrier and bandpass filter misalignment.

External quantum efficiency results are reported for those same devices in Section 7.2.2:

once again, XV0576 yields the highest result of (32.6±2.2)%, while samples XV0650 and

XV0548 have EQE of (4.3±0.3)% and (0.26±0.07)% respectively. In Section 7.2.3 surface

reflection Rs is estimated and used to calculate internal quantum efficiency IQE of the

samples; resulting in a ∼ 50% increase from EQE for the MWIR samples, and ∼ 30%

for the LWIR ones.

Finally, in Section 7.3 the Jd and the R data are combined to calculate specific detectivity

D∗ of the devices. Here, the advantage of lower Jd even in presence of poor responsiv-

ity becomes clear: sample XV0650 demonstrates D∗ performance that matches and even

exceeds that of sample XV0576, as both reach a value of ∼ 5× 1010 cmHz1/2W−1 at op-

erational temperature 160 K and bias -0.1 V. D∗(XV0576) then degrades with bias due
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to increasing dark currents, while D∗(XV0650) saturates. Meanwhile, sample XV0548

shows peak D∗ of ∼ 1× 1010 cmHz1/2W−1 at 77 K and -0.2 V, once again due to sup-

pressed dark currents.

7.4.1 Future work

Dark current density Jd and its mechanisms are by far the most limiting parameter of the

performance of the MWIR InAs/InAs1−xSbx detectors, and one with the most room for

improvement. A simple optimisation of n-doping density between the already-known

bounds of 6× 1016 and 5× 1017 cm−3 (dopant densities of XV0576 and XV0650 respec-

tively) is expected to yield an improvement in the magnitude of Jd (the high cross-

over temperature T0 of XV0576, however, warrants further investigation). Next, two

growth parameters: the substrate temperature during superlattice growth and group

III/V growth ratio, which are currently optimised based on a combination of literature

results, manufacturer recommendation and best practice (see Section 5.3), could be fine-

tuned further.

It is evident that optimisation of the LWIR devices would return to the design stage:

the valence band offset at the barrier-superlattice interface would first need to be min-

imised through a combination of Kronig-Penney-based modelling and iterative sample

growth. Once potential barriers in the structure are eliminated, optimisation of Jd can

proceed in the same fashion as for the MWIR devices. Growth on AlSb buffer layers

will require additional work on the thickness and structure of the buffer, preferably ex-

tending it to an AlSb-based dislocation filter.

Quantum efficiency and responsivity can be improved in two ways: by increasing the

dInAsSb/dwell ratio (which improves absorption but faces strain-balancing restrictions),

and by thinning the contact layer to minimise optical losses in it (although this im-

provement would be minor).



193

Chapter 8

Conclusions

The goal of this project was to test and develop the feasibility of InAs/InAs1−xSb superlattice-

based nBn detectors for MWIR and LWIR detection purposes, and while further work

is required to deliver state-of-the-art material, the presented devices are a good spring-

board for further development.

Growth of strain-balanced superlattices using molecular beam epitaxy was reported in

Chapter 5. The samples grown can be generally split into two main categories: un-

doped superlattice layers epitaxially grown on GaAs substrates using GaSb and AlSb

buffer layers, and the nBn devices proper, grown mostly on GaSb substrates and one

based on an AlSb buffer layer. The device growth on the native GaSb substrates is

predictably found (via XRD and TEM scanning) to provide superior crystalline quality,

with the TEM images revealing no dislocations in the entire structure. Sb segregation

length of λSb ∼ 0.95 nm is found at the superlattice interfaces, placing a lower limit on

the structurally viable SLS layer thicknesses. TEM imagery of nBn growth on the AlSb

buffer layer reveals threading and misfit dislocations, originating mostly from the AlSb

interfaces.

In Chapter 6 understanding of the absorptive properties and the band structure of the

InAs/InAs1−xSb superlattice was developed based on the undoped epitaxial SLS lay-

ers. The absorption coefficient α of the superlattices was characterised using Fourier

Transform Infrared spectroscopy, and found to be of the same order of magnitude

as bulk CMT material, as well as directly comparable to bulk III-V materials and the

InAs/GaSb superlattice. The optical bandgap Eg was then extracted from the α data.
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Using the Kronig-Penney model of a superlattice, this Eg dataset was then used to

obtain the relationship between the Sb fraction xSb and the valence band position of

InAs1−xSbx, which will aid the design of superlattices in the future. In the process, un-

derstanding of the InAs/InAs1−xSb type-IIb band structure and its effect on SLS mini-

bands was also developed. Evidence to support the direct nature of the band structure

is also presented.

As part of the same Chapter, the spectral response of a series of nBn devices was char-

acterised. In general, the MWIR nBn devices show strong absorption onsets, with sig-

nal that is detectable up to 280 K, which denotes good material quality. However, the

n-doping dependence of the position of the MWIR maximum response is clear and

warrants further optimisation. The LWIR nBn device grown on an AlSb buffer layer is

also characterised, however its atypical band-edge absorption behaviour points either

to poor crystallinity, instrumental factors or both; optimisation of AlSb-based device

growth is crucial before it is considered a viable detector material. Finally, temperature

dependence of the device bandgaps is shown to be relatively weak, which would help

thermal stability of detectors derived from them.

Performance of the nBn detectors is reported in Chapter 7. Dark current density Jd

measurements paint a complex picture of interdependence between the current mech-

anisms and magnitudes, and structural parameters of the devices: generally, the de-

sirable diffusion-limited behaviour is achieved at higher temperatures for all samples,

but further optimisation work needs to be carried out to extend this regime to target

operational temperatures (160 K for MWIR devices and 77 K for LWIR). Inspection of

voltage-dependent Arrhenius plots, and the resultant activation energies, reveals pres-

ence of non-negligible valence band offsets at the SLS-barrier interfaces of the LWIR

devices that could lead to artificial suppression of Jd; two of the MWIR detectors, how-

ever, are shown to have well-aligned barriers, and which will serve as a starting point

for optimisation of the LWIR ones.

Four devices are further tested to obtain external quantum efficiency QE, responsivity R

and specific detectivity D∗. The highest QE is found to be∼ 33% in a low-doped MWIR
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sample with a well-aligned barrier but poor Jd; a structurally very similar sample, with

a ten-fold increase in n-doping density shows notably improved Jd but a severely im-

pacted QE of ∼ 4%, showing the need for fine-tuned n-doping. Responsivity values

show a similar trend; it is important to note, however, that the responsivity of the best-

performing MWIR device is comparable to the proposed Teledyne detectors130. The

poor QE and R of the LWIR detectors, however, will require a back-to-the-basics ap-

proach beginning with an investigation of a barrier composition minimising the sub-

stantial valence band offset at its interface. Finally, the interplay between dark current

density and responsivity becomes clearer when specific detectivity is analysed: both

MWIR samples demonstrate matched D∗ values despite their difference in QE, while

the LWIR sample shows a result only one order of magnitude lower despite its severely

impeded responsivity.

8.1 Future work

The partner company of this project, Leonardo, have committed to supporting its con-

tinuing development in order to deliver a viable alternative to CMT detectors. As such,

future work will prioritise identification and optimisation of factors that determine de-

vice performance, mainly in the form of minimising Jd while maintaining high respon-

sivity.

As discussed before, optimised n-doping densities are currently the simplest pathway

to decreasing Jd in the MWIR detectors; a suitable balance between shortened carrier

diffusion length and decreased dark current will need to be identified. There is reason

to believe that the GaSb-absorber interface, due to its severely misaligned heterojunc-

tion band structure, forms a Schottky barrier and an effective electron source177 that

contributes to Jd in the absorber. A proposed solution exists in the form of a lattice-

matched AlAs1−xSbx buffer layer, whose improved band structure alignment would

disable this electron generation mechanism, and this approach is currently being in-

vestigated. The overall goal is to implement and test these structures in 2D arrays;
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it is expected that once anti-reflection coating and double-pass architecture are imple-

mented, an improvement in QE and responsivity will follow.

To improve GaSb-based LWIR devices, the first step must be to optimise the barrier al-

loy composition; once this is achieved, fine-tuning of other growth-related parameters

will follow in the same manner as for the MWIR devices.

In order to deliver viable devices grown on mismatched GaAs substrates the buffer

layer architecture will need to be expanded, likely incorporating superlattice-based

dislocation filters designed to force dislocations to propagate away from the absorber

interface and recombine156. Ultimately this could enable strain-balancing of LWIR su-

perlattices on aAlSb, a situation that promotes enhanced e1-hh1 wavefunction overlap

and hopefully, increased absorption coefficients119.
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Appendix A

Theory of strain

It can be shown33 that the strain tensor for the (001) lattice orientation reduces to the

following form:

ε001 = ε‖


1 0 0

0 1 0

0 0 −2 c12
c11

 (A.1)

where c11 and c12 are elastic constants. This determines the behaviour of pseudo-

morphically strained (001) epitaxial layers grown on (001) substrates as discussed in

Section 2.1.1. The ezz component results in out-of-plane strain equal to

ε⊥ = −2
c12

c11
ε‖ =

a⊥
a
− 1 (A.2)

Keeping in mind that ε‖ is simply a0/a− 1, the above equation can be solved to find

α⊥ as presented in Equation 2.2.

Volume change of a crystal due to strain induces changes in its electronic band struc-

ture, an effect which can be parametrised with the so-called hydrostatic deformation

potential. The valence band hydrostatic deformation potential due to a change in vol-

ume Ω is35

av =
dEv,av

dlnΩ
= dEv,av

dΩ
Ω

(A.3)
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and similarly for the conduction band. The corresponding band gap deformation

potential is equal to

ag = ac − av =
d(Ec − Ev,av)

dlnΩ
(A.4)

If the hydrostatic potential is known, the band shift becomes

∆Ev,av = av
∆Ω
Ω

(A.5)

where the volume change can be obtained by taking the trace of the (001) strain

tensor (Equation A.1):

∆Ω
Ω

= Tr(ε001) (A.6)

in which case Equation A.5 becomes

∆Ehy
v,av = av(2ε‖ + ε⊥) (A.7)

The procedure for ∆Ehy
c is the same.

Thermal expansion of barrier and substrate materials

When an effective strain-balanced nBn structure is being designed, the thermal expan-

sion of both the substrate and the barrier layers need to be taken into account in addi-

tion to the superlattice materials. These are28, in units of Å:

aGaAs(T) = 5.65325 + 3.88× 10−5(T − 300)

aGaSb(T) = 6.089292 + 4.72× 10−5(T − 300)

aAlSb(T) = 6.1355 + 2.6× 10−5(T − 300)

aAlAs(T) = 5.6611 + 2.9× 10−5(T − 300)

(A.8)
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Appendix B

Sample summary
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TABLE B.1: Grown on n-GaSb substrates unless otherwise stated.

nBn devices

ID Type
dInAs
(Å)

dInAsSb
(Å)

Ratio Cell repeats dabs
(nm) xSb

XV0161 MWIR 46 46.5 0.99 474 4384.5 0.178

XV0576 MWIR 58.4 74.7 0.78 320 4259.2 0.16

XV0650 MWIR 35.9 46.8 0.77 1010 8352.7 0.158

XV0208 LWIR 39.9 40.9 0.98 384 3102.72 0.33

XJ0292 LWIR 52.1 15.7 0.30 – 3300 0.40

XV0548 LWIR 66.2 34.4 1.92 365 3671.9 0.3

XV0552 LWIR 74.2 31.9 2.32 390 4137.9 0.31

QA504
LWIR 68.5 20.3 3.38 105 932.4 0.35

MWIR 47.8 23.5 2.03 130 926.9 0.275

nBn devices cont’d

ID Barrier dbarrier
(nm)

Doping
(×1017 cm−3) Comments

XV0161 AlAs0.12Sb0.88 46 0.6

XV0576 Al0.90Ga0.10As0.06Sb0.94 110 0.6

XV0650 Al0.90Ga0.10As0.06Sb0.94 110 5

XV0208 Al0.75Ga0.25Sb 54 0.6
GaAs sub/
AlSb 1.1 µm

XJ0292 Al0.58Ga0.42Sb 51 0.6

XV0548 Al0.95Ga0.05Sb 81 0.6

XV0552 Al0.78Ga0.22Sb 80 0.6

QA504 AlxGa1−xSb 44 0.4
stepped xAl ;

grown on VG V80-H
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Epilayers

ID Type Buffer
dbu f f er
(nm)

dInAs
(Å)

dInAsSb
(Å)

Ratio Cell repeats dabs
(nm) xSb

XV0154 MWIR GaSb 325 21 21.4 0.98 166 703.84 0.176

XV0159 MWIR GaSb 325 68.7 70.3 0.98 55 764.5 0.178

XV0160 MWIR GaSb 325 46.2 47.4 0.97 83 776.88 0.174

XV0232 LWIR GaSb 590 47.1 14.1 3.34 109 667.08 0.31

XV0234 LWIR GaSb 590 52 15.6 3.33 109 736.84 0.37

XV0235 LWIR AlSb 551 18.9 16 1.18 208 725.92 0.41

XV0440 LWIR GaSb 430 83.1 35.6 2.33 100 1187 0.3

XV0443 LWIR GaSb 430 83.9 35.9 2.34 100 1198 0.29

XV0446 LWIR GaSb 430 84.8 36.2 2.34 100 1210 0.275

XV0448 LWIR AlSb 318 24 36 0.67 200 1200 0.29

XV0545 LWIR GaSb 430 73.4 44.1 1.66 73 858 0.225

XV0547 LWIR GaSb 430 70.5 30.9 2.28 73 740.2 0.257

XV0558 MWIR GaSb 430 69.3 33.6 2.06 73 751.17 0.235

XV0560 MWIR GaSb 430 48 14.1 3.36 109 679.1 0.31



202

Bibliography

[1] J. M. Marr and F. P. Wilkin. “A better presentation of Planck’s radiation law”.

American Journal of Physics 80.5 (2012), pp. 399–405.

[2] R. Pogge. An Introduction to Solar System Astronomy. http://www.astronomy.

ohio-state.edu/~pogge/Ast161/Unit5/atmos.html. Accessed on 09/12/2018.

[3] F. Rutz et al. “Imaging detection of CO2 using a bispectral type-II superlattice

infrared camera”. 11th International Conference on Quantitative InfraRed Thermog-

raphy. 2012.

[4] R. Scafutto and C. R. de Souza Filho. “Detection of Methane Plumes Using Air-

borne Midwave Infrared (3–5 µm) Hyperspectral Data”. Remote Sensing 10.8

(2018).

[5] A. Rogalski. “Infrared detectors: status and trends”. Progress in Quantum Elec-

tronics 27.2 (2003), pp. 59 –210.

[6] M. A. Kinch. Fundamentals of Infrared Detectors. SPIE Press, 2007.

[7] A. Rogalski. “HgCdTe infrared detector material: history, status and outlook”.

Reports on Progress in Physics 68.10 (2005), p. 2267.

[8] P. Norton. “HgCdTe infrared detectors”. Opto-Electronics Review 10.3 (2002), pp. 159–

174.

[9] E. A. Plis. “InAs/GaSb Type-II Superlattice Detectors”. Advances in Electronics

2014.3 (2014), p. 246769.

[10] C. Downs and T. E. Vandervelde. “Progress in Infrared Photodetectors Since

2000”. Sensors 13.4 (2013), pp. 5054–5098.

http://www.astronomy.ohio-state.edu/~pogge/Ast161/Unit5/atmos.html
http://www.astronomy.ohio-state.edu/~pogge/Ast161/Unit5/atmos.html


Bibliography 203

[11] Regulation (EU) 2017/852 of the European Parliament and of the Council of 17 May

2017 on mercury, and repealing Regulation (EC) No 1102/2008. http : / / data .

europa.eu/eli/reg/2017/852/oj.

[12] A. Khoshakhlagh et al. “Optimization of InAs/GaSb type-II superlattice inter-

faces for long-wave (∼ 8 µm) infrared detection”. Journal of Crystal Growth 311.7

(2009), pp. 1901 –1904.

[13] S.P. Svensson et al. “Growth of type II strained layer superlattice, bulk InAs and

GaSb materials for minority lifetime characterization”. Journal of Crystal Growth

334.1 (2011), pp. 103 –107.

[14] P. M. Thibado et al. “Origins of interfacial disorder in GaSb/InAs superlattices”.

Applied Physics Letters 67.24 (1995), pp. 3578–3580.

[15] E. H. Steenbergen et al. “Significantly improved minority carrier lifetime ob-

served in a long-wavelength infrared III-V type-II superlattice comprised of

InAs/InAsSb”. Applied Physics Letters 99.25 (2011), p. 251110.

[16] D. Donetsky et al. “Minority carrier lifetime in type-2 InAs/GaSb strained-layer

superlattices and bulk HgCdTe materials”. Applied Physics Letters 97.5 (2010),

p. 052108.

[17] P. Martyniuk, M. Kopytko, and A. Rogalski. “Barrier infrared detectors”. Opto-

Electronics Review 22.2 (2014), pp. 127–146.

[18] P. Klipstein. “"XBn" barrier photodetectors for high sensitivity and high oper-

ating temperature infrared sensors”. Proc.SPIE. Vol. 6940. 2008, pp. 6940 –6940

–12.

[19] E. F. Schubert. Light-Emitting Diodes. 2nd ed. Cambridge University Press, 2006.

[20] J. Singh. Electronic and optoelectronic properties of semiconductor structures. Cam-

bridge University Press, 2003.

[21] G. Osbourn. “Strained-layer superlattices: A brief review”. IEEE Journal of Quan-

tum Electronics 22.9 (1986), pp. 1677–1681.

http://data.europa.eu/eli/reg/2017/852/oj
http://data.europa.eu/eli/reg/2017/852/oj


Bibliography 204

[22] M. P. C. M. Krijn. “Heterojunction band offsets and effective masses in III-V

quaternary alloys”. Semiconductor Science and Technology 6.1 (1991), p. 27.

[23] J.W. Matthews and A.E. Blakeslee. “Defects in epitaxial multilayers: I. Misfit dis-

locations”. Journal of Crystal Growth 27 (1974), pp. 118 –125.

[24] A. P. Craig. “Lattice Mismatched Infrared Photodetectors”. PhD thesis. Lan-

caster University, 2015.

[25] R. People and J. C. Bean. “Calculation of critical layer thickness versus lattice

mismatch for GexSi1−x/Si strained-layer heterostructures”. Applied Physics Let-

ters 47.3 (1985), pp. 322–324.

[26] “Indium arsenide (InAs) lattice parameters, thermal expansion”. Group IV Ele-

ments, IV-IV and III-V Compounds. Part a - Lattice Properties. Ed. by O. Madelung,

U. Rössler, and M. Schulz. Springer Berlin Heidelberg, 2001, pp. 1–6.

[27] “Indium antimonide (InSb), lattice parameter, thermal expansion”. Group IV El-

ements, IV-IV and III-V Compounds. Part b - Electronic, Transport, Optical and Other

Properties. Ed. by O. Madelung, U. Rössler, and M. Schulz. Springer Berlin Hei-

delberg, 2002, pp. 1–5.

[28] I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan. “Band parameters for III-

V compound semiconductors and their alloys”. Journal of Applied Physics 89.11

(2001), pp. 5815–5875.

[29] C. Kittel. Introduction to Solid State Physics. 8th ed. Jonh Wiley & Sons, 2005.

[30] Y. S. Kim, K. Hummer, and G. Kresse. “Accurate band structures and effective

masses for InP, InAs, and InSb using hybrid functionals”. Phys. Rev. B 80 (3 2009),

p. 035203.

[31] Ioffe Institute. InAs - Indium Arsenide. http://www.ioffe.ru/SVA/NSM/Semicond/

InAs/. Accessed on 09/12/2018.

http://www.ioffe.ru/SVA/NSM/Semicond/InAs/
http://www.ioffe.ru/SVA/NSM/Semicond/InAs/


Bibliography 205

[32] N. Bouarissa and H. Aourag. “Effective masses of electrons and heavy holes in

InAs, InSb, GaSb, GaAs and some of their ternary compounds”. Infrared Physics

& Technology 40.4 (1999), pp. 343 –349.

[33] Shun Lien Chuang. Physics of Photonic Devices. 2nd ed. John Wiley & Sons, 2009.

[34] M. Shen and W. Cao. “Electronic band-structure engineering of GaAs/AlxGa1−xAs

quantum well superlattices with substructures”. Materials Science and Engineer-

ing: B 103.2 (2003), pp. 122 –127.

[35] C. G. Van de Walle. “Band lineups and deformation potentials in the model-solid

theory”. Phys. Rev. B 39 (3 1989), pp. 1871–1883.

[36] Po-Wei Liu et al. “Photoluminescence and bowing parameters of InAsSb/InAs

multiple quantum wells grown by molecular beam epitaxy”. Applied Physics Let-

ters 89.20 (2006), p. 201115.

[37] D. Lackner et al. “Strain balanced InAs/InAsSb superlattice structures with op-

tical emission to 10 µm”. Applied Physics Letters 95.8 (2009), p. 081906.

[38] Su-Huai Wei and Alex Zunger. “InAsSb/InAs: A type-I or a type-II band align-

ment”. Phys. Rev. B 52 (16 1995), pp. 12039–12044.

[39] P.T. Webster. “Growth, Optical Properties, and Optimization of Infrared Opto-

electronic Materials”. PhD thesis. Arizona State University, 2016.

[40] E.H. Steenbergen. “Strain-balanced InAs-InAsSb Type-II Superlattices on GaSb

Substrates for Infrared Photodetector Applications”. PhD thesis. Arizona State

University, 2012.

[41] T. Schuler-Sandy et al. “Gallium free type II InAs/InAsxSb1−x superlattice pho-

todetectors”. Applied Physics Letters 101.7 (2012), p. 071111.

[42] P. T. Webster et al. “Measurement of InAsSb bandgap energy and InAs/InAsSb

band edge positions using spectroscopic ellipsometry and photoluminescence

spectroscopy”. Journal of Applied Physics 118.24 (2015), p. 245706.



Bibliography 206

[43] L. Gupta et al. “Temperature dependence of the fundamental band gap parame-

ters in cadmium-rich ZnxCd1-xSe using photoluminescence spectroscopy”. Pra-

mana 61.4 (2003), pp. 729–737.

[44] R. Pässler and G. Oelgart. “Appropriate analytical description of the tempera-

ture dependence of exciton peak positions in GaAs/AlxGa1−xAs multiple quan-

tum wells and the Γ8v-Γ6c gap of GaAs”. Journal of Applied Physics 82.5 (1997),

pp. 2611–2616.

[45] R. Pässler. “Temperature dependence of fundamental band gaps in group IV,

III-V, and II-VI materials via a two-oscillator model”. Journal of Applied Physics

89.11 (2001), pp. 6235–6240.

[46] S. R. Johnson and T. Tiedje. “Temperature dependence of the Urbach edge in

GaAs”. Journal of Applied Physics 78.9 (1995), pp. 5609–5613.

[47] Z. M. Fang et al. “Photoluminescence of InSb, InAs, and InAsSb grown by organometal-

lic vapor phase epitaxy”. Journal of Applied Physics 67.11 (1990), pp. 7034–7039.

[48] M. Y. Yen et al. “Long-wavelength photoluminescence of InAs1−xSbx (0<x<1)

grown by molecular beam epitaxy on (100) InAs”. Applied Physics Letters 52.6

(1988), pp. 489–491.

[49] S. P. Svensson et al. “Band gap of InAs1−xSbx with native lattice constant”. Phys.

Rev. B 86 (24 2012), p. 245205.

[50] S. R. Kurtz et al. “Ordering-induced band-gap reduction in InAs1−xSbx (xu0.4)

alloys and superlattices”. Phys. Rev. B 46 (3 1992), pp. 1909–1912.

[51] J. I. Pankove. “Absorption Edge of Impure Gallium Arsenide”. Phys. Rev. 140

(6A 1965), A2059–A2065.

[52] B. Bansal et al. “Alloying induced degradation of the absorption edge of InAsxSb1−x”.

Applied Physics Letters 90.10 (2007), p. 101905.

[53] J. Micallef and B. L. Weiss. “The refractive index of III-V semiconductor strained-

layer superlattices”. Optical and Quantum Electronics 23.6 (1991), pp. 669–684.



Bibliography 207

[54] M. N. Polyanskiy. Refractive index database. https://refractiveindex.info.

Accessed on 10/12/2018.

[55] P. P. Paskov. “Refractive indices of InSb, InAs, GaSb, InAsxSb1−x, and In1−xGaxSb:

Effects of free carriers”. Journal of Applied Physics 81.4 (1997), pp. 1890–1898.

[56] E. Rosencher and B. Vinter. Optoelectronics. Cambridge University Press, 2002.

[57] J. I. Pankove. Optical Processes in Semiconductors. Prentice-Hall electrical engi-

neering series. Solid state physical electronics series. Prentice-Hall, 1971.

[58] M.W. Prairie and R.M. Kolbas. “A general derivation of the density of states

function for quantum wells and superlattices”. Superlattices and Microstructures

7.4 (1990), pp. 269 –277.

[59] I. Studenyak, M. Kranjec, and M. Kurik. “Urbach Rule in Solid State Physics”.

International Journal of Optics and Applications 4.3 (2014), pp. 76–83.

[60] S. Maimon and G. W. Wicks. “nBn detector, an infrared detector with reduced

dark current and higher operating temperature”. Applied Physics Letters 89.15

(2006), p. 151109.

[61] “Benefits and limitations of unipolar barriers in infrared photodetectors”. In-

frared Physics & Technology 59 (2013), pp. 152 –155.

[62] A. Rogalski, M. Kopytko, and P. Martyniuk. Antimonide-based Infrared Detectors:

A New Perspective. SPIE Press, 2018.

[63] G. R. Nash and T. Ashley. “Reduction in Shockley–Read–Hall generation-recombination

in AlInSb light-emitting-diodes using spatial patterning of the depletion region”.

Applied Physics Letters 94.21 (2009), p. 213510.

[64] P. Klipstein. “MWIR InAsSb XBn detectors for high operating temperatures”.

Proc.SPIE. Vol. 7660. 2010, pp. 7660 –7669.

[65] J.R. Pedrazzani. “Characteristics of InAs-Based nBn Photodetectors Grown by

Molecular Beam Epitaxy”. PhD thesis. University of Rochester, 2010.

https://refractiveindex.info


Bibliography 208

[66] G. R. Savich et al. “Diffusion current characteristics of defect-limited nBn mid-

wave infrared detectors”. Applied Physics Letters 106.17 (2015), p. 173505.

[67] A. Rogalski, K. Adamiec, and J. Rutkowski. Narrow-Gap Semiconductor Photodi-

odes. SPIE Press, 2000.

[68] Z. Lin. “Study of Minority Carrier Lifetime and Transport in InAs/InAsSb type-

II Superlattices Using a Real-Time Baseline Correction Method”. PhD thesis. Ari-

zona State University, 2016.

[69] C.H. Grein, M. E. Flatté, and H. Ehrenreich. “Comparison of ideal InAs/InAsSb

and InAs/InGaSb superlattice detectors”. Electrochemical Society Proceedings. Vol. 95.

1995, pp. 211–218.

[70] R J. Walters et al. “Design of an achievable, all lattice-matched multijunction

solar cell using InGaAlAsSb”. Conference Record of the IEEE Photovoltaic Specialists

Conference (2011), pp. 000122–000126.

[71] E. S. Barr. “Historical Survey of the Early Development of the Infrared Spectral

Region”. American Journal of Physics 28.1 (1960), pp. 42–54.

[72] A. Rogalski. “Infrared detectors: an overview”. Infrared Physics & Technology 43.3

(2002), pp. 187 –210.

[73] A. Rogalski. Infrared Detectors. Gordon and Breach Science Publishers, 2000.

[74] G. Vergara, M. Montojo, and M. Torquemada. “Polycrystalline lead selenide:

the resurgence of an old infrared detector”. Opto-Electronics Review 15.2 (2007),

pp. 110–117.

[75] C. H. Grein, J. Garland, and M. E. Flatté. “Strained and Unstrained Layer Super-

lattices for Infrared Detection”. Journal of Electronic Materials 38.8 (2009), pp. 1800–

1804.

[76] B. Li et al. “Optical absorption above the energy band gap in Hg1−xCdxTe”.

Infrared Physics & Technology 37.4 (1996), pp. 525 –531.



Bibliography 209

[77] K. Moazzami et al. “Detailed study of above bandgap optical absorption in

HgCdTe”. Journal of Electronic Materials 34.6 (2005), pp. 773–778.

[78] W.E. Tennant et al. “MBE HgCdTe Technology: A Very General Solution to IR

Detection, Described by Rule ”07”, a Very Convenient Heuristic”. Journal of Elec-

tronic Materials 37.9 (2008), pp. 1406–1410.

[79] D. R. Rhiger. “Performance Comparison of Long-Wavelength Infrared Type II

Superlattice Devices with HgCdTe”. Journal of Electronic Materials 40.8 (2011),

pp. 1815–1822.

[80] W. E. Tennant. “”Rule 07” Revisited: Still a Good Heuristic Predictor of p/n

HgCdTe Photodiode Performance?” Journal of Electronic Materials 39.7 (2010),

pp. 1030–1035.

[81] A. Rogalski. “Recent progress in infrared detector technologies”. Infrared Physics

& Technology 54.3 (2011), pp. 136 –154.

[82] Teledyne Judson Technologies. Indium Antimonide Detectors. http://www.teledynejudson.

com/products/indium-antimonide-detectors. Accessed on 11/12/2018.

[83] Hamamatsu Photonics. InSb photovoltaic detectors. https://www.hamamatsu.

com/eu/en/product/optical-sensors/infrared-detector/insb-photovoltaic-

detector/index.html. Accessed on 11/12/2018.

[84] I. Shtrichman. Proc.SPIE. Vol. 8353. 2012.

[85] C. S. Schnohr. “Compound semiconductor alloys: From atomic-scale structure

to bandgap bowing”. Applied Physics Reviews 2.3 (2015), p. 031304.
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