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Abstract

Accurate dispersive refractive indices for GaSb and AlAsSb are highly desirable
for the design of GaSb-based resonant cavity devices operating in the 2-8 um
range. This dissertation reports on the development of two novel methods for the
application of the well-known Swanepoel method in the case where normal incidence
reflectance spectra are unavailable. By utilising linear regression of oblique angle
reflectance spectra to determine normal incidence values, the required input data
for the standard Swanepoel method can be calculated without direct measurement
of normal incidence reflectance. Dispersive refractive indices calculated from this
first method are shown to be in good agreement with literature data and are applied
to the modelling of a DBR stopband, where they show significant improvement
in agreement between modelled and measured reflectance when compared to
experimental literature. The second method determines non-dispersive infrared
refractive indices by a second-order Taylor expansion of Swanepoel’s equations and
is shown to be capable of predicting a reasonable trend in the refractive index of dilute

(InAsg.91Sbg.09)xGaSb;  alloy with increasing indium content.
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Chapter 1

Introduction

Enhanced Q-factor and spectral selectivity are well-documented bene ts of applying
resonant cavity design to mid-infrared (MIR) photodetectors and LEDs [1]. In parallel,
the GaSb material system, whilst not as well-studied as GaAs or InP, is increasingly
used for MIR optoelectronics [2, 3, 4]. Cavity devices on GaSb in the 2-8 um range
frequently use GaSb/AlAsSb DBRs to form the optical cavity [5, 6, 7, 8]. The
refractive indices of the materials that form the DBRs have signi cant in uence on the

properties of the DBR stopbands [9, 10], which are the primary factors in determining
the operating wavelength of resonant cavity devices. Thus, to control the resonant
wavelength of the nal cavity-enhanced device, accurate refractive indices for the
DBR layer materials are essential. Experimental refractive index data for GaSb and

AlAsSD that covers the 2-8 um range is lacking, particularly for AIAsSb [11, 12, 13].

Popular methods for the determination of refractive indices often rely on the use of
spectroscopic ellipsometers [12, 14], the infrared variants of which can be prohibitively
expensive for use in laboratories not focused on such applications. Furthermore,
ellipsometry studies can be complicated by the need to prepare a clean surface on the

sample [15], which would especially be a concern due to oxide formation on AIAsSbh



Chapter 1. Introduction

epilayers.

An alternative method for dispersive refractive index characterisation was presented
by R. Swanepoel based on the analysis of the interference fringes present in the
re ectance spectra of coherent Ims [16]. This method models dispersion by

observation of the change in the position of the interference fringe extrema between
normal and oblique angles of incidence to the Im. Whilst promising in its simplicity,
this method requires a normal incidence re ectance spectrum for the Im, which can

pose an issue as many methods for measuring normal incidence re ectance are in

fact at near-normal angles.

The aim of the work presented in this dissertation is the investigation of techniques to
circumvent the Swanepoel method's reliance on normal incidence re ectance spectra.
Chapter 2 provides the required background physics to understand the methods
detailed later on and summarises existing refractive index data for GaSb, AIAsSD,
and InGaAsSh. Chapter 3 describes the experimental procedures used to produce
and analyse the epilayer samples used in this study. An analysis of those epilayers,
including material quality and layer thicknesses, is detailed in Chapter 4. Chapter 5
describes a procedure for the use of the Swanepoel method on re ectance data
collected at multiple oblique angles of incidence and then presents the dispersive
refractive indices resulting from the application of this method to GaSb and AIAsSb.
Additionally, these values are applied to the simulation of a DBR stopband, with
comparison to experimentally measured re ectance. Chapter 6, the nal results

chapter, presents an alternative method for analysis of re ectance interference fringes
best suited to estimations of non-dispersive refractive indices. That method is then
applied to a selection of dilute (InAsg91Sbog9)xGaSh; 4 epilayers, and the trend in

refractive index with indium content is outlined.



Chapter 2

Background

The essential theory for understanding of later sections is contained herein. Only
material which has been substantively involved in this work has been included so as

to not reproduce lengthy standard derivations which are not the author's own work.

2.1 Interference Fringe Relations

Extrema in the re ectance spectra fringes produced by coherent Ims occur at

well-de ned wavelengths where the interference relation shown in Equation (2.1) is
satis ed. The refractive index of the coherent Im at some wavelength ; is given by
n;, d is the Im thickness, r is the angle of refraction within the Im, and m is any

integer or half-integer [16].

2nidcos(r) =m (2.1)

This relation is shown to hold true in Figure 2.1 - as incident angle increases, and

3



Chapter 2. Background

cos(r) must therefore decrease, extrema with equal m are shown to shift towards

shorter wavelengths.

Figure 2.1: TMM simulation of a 5000 nm GaSb epilayer on GaAs at different angles

of incidence. Literature values [11, 17] for the refractive indices are used.

For normal incidence re ection, Equation (2.1) simpli es to Equation (2.2), where the

subscript O indicates the 0 angle of incidence speci cally.

2nod =m g (22)

2.2 The Swanepoel Method

Swanepoel presented a method for the determination of dispersive refractive indices

by analysis of the wavelength positions of extrema in the interference fringes of

4



2.2. The Swanepoel Method

re ectance spectra. The method analyses coherent Im interference extrema at both
normal and an oblique angle (the case in the paper uses 30 ) to determine the tting

parameters of the modi ed Cauchy equation (MCE) shown in Equation (2.3) [16].

2= 2 4p 2.3)

>
1

The MCE relates the dispersive refractive index (n) of a material to the wavelength
( ) using tting parameters a, b, and x. It is a two term approximation of the Cauchy
equation [18], which is shown in Equation (2.4) for completeness. A, B, and C are the

tting constants; n and are as de ned above.

nN=A+—+—+.. (2.4)

A key advantage of the Swanepoel method is that so long as the re ectance values
of the studied spectra are well-de ned enough for interference fringes to be visible,
it does not rely on the re ectance values of the extrema beyond that, only on the
wavelengths at which they occur. An ancillary bene t of the Swanepoel method is
that it also returns an estimate for the thickness of the Im causing the interference
fringes, meaning it can be applied to verify other measurements or expectations of

that value.

The Swanepoel method is used across a wide range of material systems [19, 20, 21],
and efforts have been made to improve the method's performance in both transparent
and high-absorption regions [22, 23]. For this work, however, the original method is

used due to its computational simplicity.
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2.3 Refractive Index and Optical Bandgap Relations

The Moss Relation [24], shown in Equation (2.5), empirically relates the optical

bandgap (E4) and the non-dispersive refractive index (n) of a material.

n'Ey =M (2.5)

In the original Moss relation, M is stated to be 95 eV. A similar relation was later
developed speci cally for use with semiconductors by consideration of the Penn
model [25] of dielectric constants, giving the approximated Penn model (APM) shown

in Equation (2.6) [26].

n=4.16 AE,+BE,> CE;° (2.6)

Coefcients A, B, and C are 1.12 eV 1, 0.31 eV 2, and 0.08 eV 2 respectively.
The coef cients used in this model were determined via consideration of the relation
between the Penn gap and the bandgap of a wide range of semiconducting materials.
The model predicts non-dispersive refractive indices well, but it is evident from the
data presented in Gupta's work that it tends to underestimate values for gallium-rich

compounds.

2.4 Distributed Bragg Re ectors

Distributed Bragg Re ectors (DBRs) are fundamental structures to the development
of optical cavities as they can be designed to have very high re ectance for only a

speci ¢ section of the wavelength spectrum. A DBR consists of alternating layers

6



2.4. Distributed Bragg Re ectors

of high and low refractive index materials, each of which must have an appropriate
optical path length to achieve constructive interference in the re ected component.
This is typically achieved by each layer having optical path length equal to one-quarter

of the target wavelength ( ;) for the structure.

When incident light transitions from a low refractive index to a high refractive index
at a boundary between contrasting layers, the re ected component of that light
undergoes a rad phase shift. For light with wavelength close to ., each interface's
re ected light is separated by a half-wavelength optical path length, and will interfere
constructively due to the phase shift. This constructive interference between the
re ected light signi cantly increases the structure's re ectance. That constructive

interference will not occur consistently for light that is not near the target wavelength
as the re ected and incoming light will not be in phase. This leads to a spectrally

narrow region of high re ectance called the stopband.

Assuming that incoming light is at normal incidence and there is no absorption in a
DBR, the width () and peak re ectance ( R) of its stopband can be determined by
Equation (2.7) [9] and Equation (2.8) [10] respectively.

Ny ng
ny +nNg

4
—Larcsin (2.7)

2
nOanN nSnHzN
R = (2.8)
non N + ngnyy >N

The refractive indices of the originating medium, substrate, high refractive index
material, and low refractive index material are indicated by ng, ns, ny, and n_
respectively. N indicates the number of pairs of contrasting layers in the DBR. It is
clear that the refractive indices of the DBR layers are of high impact on the shape of
the stopband, which in turn will determine the spectral selectivity of devices utilising

the DBR.
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Figure 2.2: Re ectance spectra of 3 different GaSb/AIAsSb DBRs with increasing
numbers of repeats modelled using TMM. Literature values [12, 13] for the refractive

indices are used.

In Figure 2.2, example GaSb/AlIAsSb DBRs are modelled using the TMM implementa-
tion described in Section 2.5. The AIAsSb layers are modelled with a non-dispersive
refractive index of 3.1 [13] and a thickness of 169 nm, whilst the GaSb layers are
137 nm thick and their dispersive refractive index is taken from [12]. As predicted by
Equation (2.8), the peak re ectance of the stopband can be seen to increase as the

number of repeats in the DBR does.

2.5 Re ectance Modelling

Re ectance modelling was performed using the transfer matrix method (TMM),

implemented in Python using the tmmpackage [27]. The model considers matrix

8



2.6. Existing Refractive Index Data

transformations of an electric eld as it passes through a structure consisting of an
arbitrary number of coherent Ims, which is bounded by two semi-in nite media. By
combination of the transfer matrices applied to the electric eld at each interface, the
overall transfer matrix for the structure may be determined, and thus the re ectance

may be retrieved [28].

Python functions were written to allow for the formation of re ectance spectra of
arbitrary structures across a con gurable wavelength range. As the tmmfunction
needed to be run at each wavelength, a looping wrapper function was developed to
automatically generate data for the re ectance plots. The input data for this function
required basic details such as layer thicknesses and refractive indices, the latter of
which were primarily sourced from literature [11, 12, 13, 17] or the characterisation
undertaken in this work. It was assumed during these simulations that the absorption
coef cients of the materials forming the coherent layers were negligible as the
tmm.tmmcore.coh _tmmfunction assumes no absorption is present in the stack. The
wavelength range for this study has been selected not only for relevance to potential

applications but also to ensure the above assumption is valid.

Examples of this TMM implementation producing expected results are shown in
Figures 2.1 and 2.2. Matplotlib [29] was used for plotting in the aforementioned gures

and throughout the rest of this dissertation.

2.6 Existing Refractive Index Data

As mentioned in Chapter 1, existing experimental refractive index data for both GaSb
and AlAsSD fails to cover the entirety of the 2-8 um range. In particular, there is no
experimentally-based reference data for AIASSDh lattice-matched to GaSb anywhere

in this work's spectral range. For this reason, photothermal de ection spectroscopy

9



Chapter 2. Background

work by Saadallah that only covers up to 1.8 um [13] is considered as a reference
point. In addition, simulation work by Adachi that extends up to 6.2 um [30] is used in

later comparisons.

For GaSb, far more reference data is available: Roux's M-lines method returns data
in the 2.15-7.35 um range [11]; Munoz's ellipsometric study covers up to 4.1 um [14];
and Ferrini's ellipsometry work presents data up to 2.48 um [12]. Munoz also provides
values for InGaAsSb with 15 and 16% In, although the experimental methodology is
somewhat unclear [15]. Data for all of the literature studies was extracted from the

published dispersion curves.

10



Chapter 3

Methodology

The essential experimental methods utilised in this body of work are detailed herein,
including sample production, composition analysis, and both normal and oblique

angle re ectance measurements.

3.1 Layer Thickness in Molecular Beam Epitaxy

Samples for this study were grown in-house by molecular beam epitaxy (MBE) using
a Veeco GENXplor solid source reactor. The details of the procedures involved are
beyond the scope of this dissertation as the sample growth itself was not performed
by the author. Instead, some consideration must be lent to the accuracy to which the

thickness of MBE-grown layers can be known without additional measurements.

Growth rates for each source are calibrated after each maintenance cycle by
observation of re ection high-energy electron diffraction (RHEED) oscillations and
repeated occasionally during each 6-12 month growth campaign. By combination of

the target lattice constant, the growth rate, and the growth time, an estimate of the

11



Chapter 3. Methodology

total thickness of any given layer in a structure may be determined. Assuming that
the material growth is group-Ill limited, the uncertainty in the nominal thickness will

primarily be due to uctuations in the group-Ill growth rate.

Barring the InGaAsSb epilayers, all samples involved in this study were grown from
the same set of calibrations. Aluminium growth rates are expected to be lower than the
nominal value as the only available calibration for this source was the one performed
immediately after replacement when the melting process had only just occurred,
leading to higher Al ux at the time of calibration. Unlike the Aluminium source, the
Gallium source is not replaced during maintenance periods. Across a number of
years its growth rate has been measured to remain approximately constant, without a
discernible time or usage dependent drift, hence the Ga rate is expected to uctuate

evenly around the nominal value by up to 5%.

3.2 X-Ray Diffraction

X-ray diffraction (XRD) measurements were used to study the lattice constants of the
epitaxially grown structures. When x-rays are incident upon a crystal lattice, they
will scatter due to interactions with atomic electrons, and these scattered x-rays will
interfere constructively with each other at speci c angles. Bragg's law (Equation (3.1))

describes the angles at which this interference occurs.

2dsin( g) = n (3.1)

The angles of constructive interference are called Bragg angles ( g), and are related

to the x-ray wavelength ( ), the order of diffraction (n), and the atomic plane spacing

(d).

12



3.2. X-Ray Diffraction

To nd the Bragg angles, a coupled scan of the source-sample angle (! ) and the
source-detector angle (2 ) is performed, with intensity peaks found when is a Bragg
angle. During the scan, the angles are varied simultaneously with the constraint that
I must always be equalto . This! 2 scan is preceded by a series of calibrations
that optimise the horizontal position of the sample, locate the zero point of ! , and nd

the peak intensity values for each of ! , 2 , and the wafer holder angle.

A Bruker D8 Discover is used to performthe! 2 scan, and the resulting spectrum
provides information about the Bragg angle for each material in the structure. The
height of the peaks correlates to both the thickness of each layer and the layer's depth
below the surface of the structure, so the substrate will often cause a high-intensity

peak despite being the deepest layer.

Figure 3.1: XRD measurement of an AIAsSb calibration epilayer grown on GaSb.

To analyse the spectra, Bede RADS software was used to simulate XRD patterns

for arbitrary structures, and the comparison between the simulated and measured

13



Chapter 3. Methodology

spectra was used to determine the composition of the epilayers in the structure.
The example spectrum shown in Figure 3.1 only shows a single peak, indicating an
excellent lattice match between the AlAsSb epilayer and the GaSb substrate. The

FWHM of the peak is only 40", implying very good material quality.

3.3 Variable Angle Optical Re ectance Measurements

The core apparatus for the measurement of re ectance at a range of angles was
a Bruker VERTEX 70 FTIR out tted with a PIKE Technologies VeeMAX lll variable

angle re ection accessory.

The experimental apparatus for the measurement of variable angle re ectance
spectra (Figure 3.2) functions as follows: the globar (silicon carbide) source (1) emits
MIR radiation that is re ected off the parabolic source mirror (2) before passing
through the aperture wheel (3) and Iter wheel (4). The beam is collimated by the
interferometer entrance mirror (5), split by the KBr beam splitter (a partial re ector,
6) and then re ected back to the beamsplitter by two adjustable plane mirrors (7 &
8). Having passed through the interferometer, the beam is re ected off the parabolic
sample compartment mirror (9) and passes through the VeeMAX lll variable angle
re ectance accessory (11, see Figure 3.3). Upon exiting the variable re ector, the

light is incident upon the parabolic detector mirror (12) and is focused upon the

DLaTGS internal detector (13).

The differing path lengths between the two mobile plane mirrors and the beamsplitter
in the interferometer cause interference in the combined beam, resulting in a time
dependency in the detector signal. The interferogram created by the sampling of the
time-dependent detector signal at multiple points undergoes a Fourier transform to

produce a high-resolution ( 4cm 1) re ectance spectrum. To ensure the resultant
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3.3. Variable Angle Optical Re ectance Measurements

Figure 3.2: Beampath diagram for variable angle re ectance measurements using
the FTIR's sample compartment. 1. Globar (silicon carbide) MIR Source 2. Source
mirror 3. Aperture wheel 4. Filter wheel 5. Interferometer entrance mirror 6. KBr
beam splitter 7. Moving plane mirror 8. Moving plane mirror 9. Sample compartment
mirror 10. Sample compartment boundary 11. VeeMAX lll variable angle re ectance

accessory 12. Detector mirror 13. DLaTGS detector.

re ectance spectra accounted only for the re ection from the sample placed on the
variable re ector, a background measurement using a highly re ective gold mirror
preceded each set of sample measurements. This background spectrum was then
used by the OPUS software to calculate the re ectance spectra of the sample (by

dividing the sample scan by the background scan).

Light passing through the variable re ector (shown in Figure 3.3) undergoes the

following process: it is re ected by a beam steering mirror (1) and then a plane mirror
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Chapter 3. Methodology

Figure 3.3: Simplied beam path diagram for the PIKE VeeMAX Il variable angle
re ectance accessory. 1. Beam steering mirrors 2. Plane mirrors 3. Parabolic
collimating mirror 4. Vertical adjustable mirror 5. Large parabolic mirrors 6. Sample

7. Substrate-epilayer interface 8. Epilayer-air interface.

(2) onto a parabolic collimating mirror (3). The collimated beam is then incident upon
the vertically adjustable mirror (4), which re ects it onto one of the large parabolic
mirrors (5). The large parabolic mirror directs the beam to be incident upon the
sample (6) in a loosely focused spot. At the sample, the beam undergoes two
relevant re ections: one from the epilayer-air interface (8), and one from the substrate-
epilayer interface (7). The re ected light from the two interfaces has a small path
length difference, leading to interference in the re ected beam. The steps involving

components 1 through 6 are then repeated in reverse for the re ected beam.

The angle at which the beam is incident upon the sample is determined by the vertical
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3.3. Variable Angle Optical Re ectance Measurements

position of the adjustable mirror (4). The angle may be set between 30 and 80 ,
but the overall transmission of the variable re ector is at its maximum between 45
and 50 , with signi cant fall-off outside of that range. That fall-off is not a signi cant
concern when variable angle re ectance spectra are used in the Swanepoel method,

as the method is broadly insensitive to the magnitude of the re ectance.

The VeeMAX Il is supplied with three masks of varying sizes to allow for controlled
areas of samples to be studied. The masks are machined and coated to be non-
re ective, although as this is not perfectly effective, the aperture of the FTIR beam
should be carefully limited to minimise stray re ections from the underside of the
mask. These re ections can be especially prominent at high angles of incidence,
where the beam spot on the sample becomes increasingly elliptical. In this study it
was determined that the largest mask that the sample and mirror both completely
cover should be used, and the same mask should be used for both the sample and
gold mirror. This is to ensure that the re ectance of the sample is not unnecessarily

suppressed, as severe suppression can lead to dif culties identifying fringe extrema.

Re ectance spectra for a GaSb epilayer at varying angles of incidence measured
using the described apparatus and methodology are presented in Figure 3.4. In
comparison to the simulated re ectance spectra, the period of the fringes can be
seen to be very similar, with the slight offset in spectral position and small period
difference most likely being due to a slight difference in the GaSb epilayer thickness

between the simulation and sample.

A signi cant problem for the use of variable angle re ectance spectra measured
with the above technique in the Swanepoel method is the presence of atmospheric
absorption extrema, particularly CO, at 4.2 um. As the Swanepoel method requires
continuous extrema, and the peak- nding algorithm used to analyse the re ectance
spectra could not distinguish between atmospheric absorption extrema and inter-

ference fringe extrema, the wavelength range analysed was limited to 2-4.15 um.
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Figure 3.4: Experimental re ectance spectra (bottom) for a 5000 nm GaSb on

GaAs epilayer compared to the simulated re ectance spectra (top) from Figure 2.1.

However, beyond the CO, peak, GaSb and AlAsSb are expected to have very low
dispersion [11, 30], so this limited range of study was not considered an obstacle to

presenting data over the 2-8 um range.

3.3.1 Angular Resolution

By consideration of the resolution of the angular scale on the variable re ector, its
angular uncertainty was initially estimated to be 0.5 . To form a more comprehensive
uncertainty estimate, the re ectance of a GaAs substrate to p-polarised light was
measured across the angular range of the re ector. This was then used to compare
the angle at which minimum re ectance occurs in the measured re ectance spectrum

to the Brewster's angle of GaAs, which was calculated from literature data [17].
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3.3. Variable Angle Optical Re ectance Measurements

To avoid the lengthy process of sample and background scanning at each angle, the
re ectance was approximated by recording the ADC counts (a ratiometric voltage
value) of the FTIR's analogue-to-digital converter (ADC) for each of the GaAs
substrate and gold mirror in 1 steps across the range. By taking the ratio of these
ADC counts, the average re ectance of the GaAs substrate across the FTIR's spectral
range was determined. The validity of the ADC count approach for approximating
re ectance can be conrmed by considering that GaAs has little dispersion in the

wavelength range studied [17], so re ectance and its associated properties would
be expected to function more strongly as a function of incident angle rather than

wavelength.

Figure 3.5: Re ectance of p-polarised light on GaAs at varying angles of incidence.

The reference line uses literature data [17].

The re ectance of GaAs to p-polarised light at varying angles of incidence is
presented in Figure 3.5. The re ectance was corrected by taking the minimum value

in the GaAs ADC counts to be equal to zero re ectance, and then correcting the

19



Chapter 3. Methodology

rest of the ADC values by that offset. This correction is reasonable in the measured
range, as by the de nition of Brewster's angle, the minimum re ectance value must

be equal to zero. The reference curve was calculated using Fresnel equations with
literature data [17] for the refractive index of GaAs. Given that the reference curve
and measured re ectance minimas are both located at 73 , the angular uncertainty
for the variable re ector was con rmed to be 0.5 , primarily deriving for the resolution

of its angular scale.

3.3.2 Background Considerations

As the Swanepoel method does not rely on a precise measurement of the re ectance
of the interference fringe extrema, only their spectral position, some leeway is afforded
in the selection of the background measurement used in measuring re ectance. In
the interest of time ef ciency, it is preferable to take a single background scan that is
valid for all angles of incidence, rather than a background scan at each studied angle

of incidence; the former option offers time savings of just under 50%.

To con rm that the angle of incidence at which the gold background was measured
would not affect the positions of the fringe extrema, the re ectance of a GaSb epilayer

was calculated using gold backgrounds measured at a small range of angles.

A section of each of the measured re ectance spectra of a GaSb epilayer is presented
in Figure 3.6. The re ectance axis has been min-max scaled to normalise each
data series to vary between 0 and 1 in order to enable direct comparison of fringe
extremum positions. It can be clearly seen that the angle at which the gold background
for a measurement is taken has no appreciable impact on the extremum positions in

the re ectance interference fringes.
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3.3. Variable Angle Optical Re ectance Measurements

Figure 3.6: Min-max scaled re ectance spectra of a GaSbh epilayer at varied angles

of incidence.

3.3.3 Scan Duration

It was observed that due to time-dependent uctuations in the local atmospheric com-
position, distortions in measured re ectance spectra from atmospheric absorption
increased as the time between the background and sample scans increased. This
was particularly problematic for water absorption noise around 2.6 um as, in some
cases, the noise in the re ectance spectra affected the apparent position of fringe

extrema.

As a result, a trade-off in scan duration evolved: a lower number of scans (hence
quicker measurements) led to increased noise across the spectrum but limited the
effects of atmospheric absorption, whereas more scans (hence longer measurement

times) suppressed noise in the spectra but caused noise deriving from atmospheric
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absorption to become far more prominent. During this work, it was determined that for
the speci ¢ experimental setup used, measurement durations of around 16 seconds
provided the best trade-off between noise suppression, absorption peaks and time

ef ciency.

3.4 Normal Incidence Re ectance Measurements

To measure the re ectance of DBRs, normal incidence apparatus, which used the
same FTIR as the variable re ectance setup, was used. The experimental apparatus
(pictured in Figure 3.7) functions as follows: the tungsten halogen lamp source (1)
emits NIR radiation that is re ected off the parabolic source mirror (2) before passing
through the aperture wheel (3) and Iter wheel (4). This beam is collimated by the
interferometer entrance mirror (5), split by the partial re ection of the CaF , beam
splitter (6), and then re ected by two adjustable plane mirrors (7 & 8) back through the
beamsplitter. Having passed through the interferometer, the beam is then re ected
off the channel mirror (9) to send it out of the FTIR and onto the periscope (10),
which directs the beam onto the bre entry parabolic mirror (11) where it is focused
onto the SMA connector (12) for the inbound leg of the THORLABS BF19Y2LS02
bifurcated bre (13). The bre then joins the combined leg (14) and is directed toward

the sample measurement area (15, see inset). In the sample measurement area
(15, blue dotted inset), a clamp (18) mounted to an X-Y adjustable stage (20) holds
the bre (14) perpendicular to the sample and sample stage (19). Light exits the
bres of the inbound leg, re ects off the sample, and enters the bres comprising the

outbound leg (16). The light exits the outbound leg of the bre and is incident upon
the THORLABS PDA10D-EC ampli ed InGaAs detector (17). The signal from the
detector is then sent through an additional ampli er and into the FTIR's analogue-to-

digital converter.
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3.4. Normal Incidence Re ectance Measurements

Figure 3.7: Beampath diagram for normal incidence re ectance measurements using
an external detector. 1. Tungsten halogen lamp NIR source 2. Source mirror 3.
Aperture wheel 4. Filter wheel 5. Interferometer entrance mirror 6. CaF, beam splitter
7. Moving plane mirror 8. Moving plane mirror 9. Channel mirror 10. Periscope mirror
11. Fibre entry parabolic mirror 12. Fibre inbound leg SMA connector mounting point
13. Fibre inbound leg 14. Fibre combined leg 15. Sample stage 16. Fibre outbound
leg 17. THORLABS ampli ed InGaAs detector 18. Clamp holding bre combined leg
SMA connector 19. Sample stage 20. X-Y adjustable stage.

As with variable angle re ectance measurements (Section 3.3), each sample mea-
surement was preceded by a scan of a high re ectivity gold mirror, which was
then used by the OPUS software to calculate re ectance. The distance between
the sample and the bre exit was optimised before each sample measurement to
ensure the maximum possible signal reached the InGaAs detector. The primary
limitation of this experimental setup was the short cutoff wavelength (2400 nm) of
the BF19Y2LS02 bre, which made the apparatus unsuitable for the measurement

of re ectance interference fringes, hence motivating much of the work to circumvent
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the Swanepoel method's reliance on normal re ectance spectra. However, this setup
was utilised for the measurement of DBR re ectance spectra to compare stopband

properties between TMM modelling and experiment.
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Results I: Sample Analysis

The MBE-grown samples used for this study are detailed herein. The thick epilayers
grown for this work were each grown to a target thickness of 5000 nm in order to
increase fringe density and ensure there were a large number of extrema present in

the studied wavelength range.

4.1 GaSb Epilayer

GAl, the GaSb epilayer, was grown metamorphically on undoped GaAs. The
thickness of this epilayer can be estimated to be 5130 50 nm from the SEM image in
Figure 4.1. The uncertainty in this measurement, as with further measurements from
SEM images described below, was estimated to be the standard error in a dataset of
three thickness measurements taken from separate parts of the image. The imaging
shows high Im uniformity has been achieved, as is expected from MBE. Swanepoel
analysis of its re ectance spectra indicates a thickness of 5030 70 nm, agreeing well

with the SEM value.
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Figure 4.1: Backscatter electron microscopy image of GAl, the GaSb epilayer.

Growth direction is left to right. The thickness of the GaSb epilayer is 5130 50 nm.

The XRD pattern in Figure 4.2 shows a FWHM of 64” for the GaSb peak, which is at
a position of -9600”. These values are comparable with literature [31], and indicate
good material quality, as is expected in the relatively simple case of metamorphic

binary growth by MBE.

4.2 AlAsSDh Epilayer 1

AL1, the rst AIAsSb epilayer, was grown pseudomorphically on p-doped GaSb. Its
growth was proceeded by the growth of a 1 um thick calibration epilayer, the XRD
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4.2. AlAsSb Epilayer 1

Figure 4.2: XRD Pattern of GA1l, the GaSb epilayer. The left peak is the GaSb
epilayer, the right peak is the GaAs substrate.

pattern of which is shown in Figure 3.1. Although the calibration epilayer exhibited
excellent lattice matching between the AIAsSb and GaSb layers, this did not translate
to AL1. To prevent oxidation, as with the calibration layer, AL1 was grown with a 50 nm
GaSb cap, but this was etched down to a thickness of approximately 18 nm using citric
acid. The cap etch was performed in order to minimise the effect that the presence of

the cap would have upon AL1's re ectance spectra.

The thickness estimate of AL1 taken from the SEM image in Figure 4.3 is 4710 60
nm, which is notably thinner than the target thickness of 5000 nm. As mentioned in
Section 3.1, this is not unreasonable, as the aluminium growth rates are expected to
be an overestimate. Some non-uniformity in the epilayer can be observed, possibly
due to the mechanical stresses involved in preparing the sample for SEM. The darker

lines within the epilayer are due to surface texture on the cleaved face. The thickness
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