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Abstract

Recent advances in the development of scatteriflype scanning nearfield optical
microscopy (sSNOM)using terahertz (THz) frequency quantum cascade lasers (QCLS)
have opened up new opportunities for THz measurements on the micrand nanoscale.
In this thesis the further development of THzs-SNOM using QCLs is reported, as well as

its application to the investigation of plasmonic effects in a range of systems.

It is shown how the frequency tuning of a QCL can be measured with high resolution
using the selfmixing effect, but also exploited for coherent measurement of the
scattered field in sSNOM. The TH38-SNOM is characterised with an optimisation of the
spatial resolution achieving a value of 29 nm corresponding t_¥3000. Using THzs-
SNOM, anovel coherent steppedfrequency system is then reported, in which a
generalised phasestepped algorithm is employed to measure magnitude and phase data
with as little as 4 sampling points per imaging pixel. This approach is used to successfully

image theout-of-plane electric fieldsupported by a THz micreresonator.

A theoretical and experimental investigation of the excitation of surface plasmon
polaritons (SSPs) in topological insulators (TI) is then presented. Experimental
measurements are presented founpatterned and patterned thin-film Bi.Se samples. A
Bi»Se thin-film sample incorporating a metallic top gate is also investigated and it is
demonstrated that the sSNOM approach can successfully probe the Tl surface beneath
the top-gate. By expressindghe resulting imaging data in the complex plane, it is seen
that SPPs can be successfully launched and measured on the Tl surface using this

technique.

Furthermore, an improved metamaterial waveguide structure supporting spoof surface
plasmon polaritons (SSPP) has been theoretically and experimentally investigated,
wherein the out-of-plane electric field associated with SSPPs has been imaged using

THz-s-SNOM showing a waveguidé&-waveguide SSPP energy transfer.
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3.13 7z Experimental set-up up for far-field frequency stepping LFI measurements.
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shown in Figure 3.14.

3.16 " (a) Maximum magnitude error A j, i A@ —— calculated from the
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Figure 3.14;(b) maximum phase error A i A@gh ns calculated from the
phase valuesn determined from the GPSA (shown in Figure 3.15) and thghasen

determined from the fit shown in Figure 3.14.

3.17 7 x- and y-component of the signal acquired by the lochn for near-field frequency

sweep using the stepped frequency measurement system.

3.18 " Selfmixing voltage obtained from demodulation of the laser voltage at the 3
harmonic of the tip tapping frequency,measaured as a function of laser driving current

(blue) fitted to which is the L-K model according to Equation 2.21 (red).

3.19 " (a) Maximum magnitude error A ;  and (b) maximum phase errorA j
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to the data shown in Figure 3.18, expressed relative to thosketermined from the fit

shown in Figure 3.18.
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frequency 3.45 THz. Adapted fronpl5].

3.21 Terahertz image of the dipole antenna structure obtained by THzSNOM, in which

the antenna is obliquely illuminated with p-polarised radiation at a frequency 3.45 THz.



The colour scale represents the selhixing voltage derived from thel 2 harmonic of
the laser voltage, measured at a single laser driving currenthe signal comprises of
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surface, as well aghe spatial distribution of the out-of-plane field supported by the

sample under resonant excitation.

3.22z Examples of single pixe6  data acquired for. 15 data points acquired using
the stepped frequency system (red) fitted to which is the GPSA (blue). @ 0.57 mV
andn -0.51 rad. (b)r 1.2 mV andn 0.43 rad. (c)r 1 mV andn 0.51
rad. (d) r 1.1 mV andn 0.39 rad.

3.23 ” Magnitude  , phasen and real part2 A A of the outof-plane field
componen associated with the plasmonic dipole mode excited in the DA under resonant
excitation by THz radiation. Blue circles show measured values, obtained by Tkiz
SNOM and applying the GPSA with (a) 15 and (b). 4 measurements per pixel,
plotted as a functian of position along the principal axis of the antenna. Also shown (red

lines) are the corresponding values derived from FEM simulations shown in Figure 3.20.

3.24 " Two-dimensional images showing the (ayeal part 2 Ay A (a.u.) and (b)
phasen (rads/ A) of the out-of-plane field component supported by the DA, obtained by
THz-s-SNOM and applying the GPSA with 4 measurements per pixel. The first ad
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4.1 7 Energy-momentum diagram of a typical topological insulatorshowing the Fermi
energy level% and the momentum of spin up (blue arrow) and spin down (green arrow)

electrons. Adapted from[16].

4.2 7 (a) Diagram of sSSNOM scanning location on a graphene namiobon (GNR) with
incident radiation (red). (b) Imaging data of a ribbon with fields of the left and right sides
of the ribbon, including sSNOM tip location. Adapted fronfil7].

4.3 7 Energy-momentum diagrams for BySe modelled using a generalised gradient
approximation (GGA) without (a) and with (b) spin orbit coupling (SOC). It can be seen
that the presence of SOC provides a band gapr op eV at thea K-point. For simplicity,
% has keen assumed to be 0 eV. Adapted frofh8].

4.4 7 Hexagonal BpSe atomic structure showing the Se-Be-Se-Be-Se quintuple layer
(red box). Adapted from[19].



4.5 z Dispersion relation of gold (blue) with free space wave vector (dashed red),

according to Equation 4.1.

4.6 - Plasmon propagation lengthin gold according to Equation 4.2.

4.7 z Plasmon wavelength in gold according to Equation 4.3.

4.8z Normalised plasmon propagation length in gold according to Equation 4.4.

4.9 z Contribution terms of the permittivity of Bi>Se according to Equation 6using the
values from Table 1 in20].

4.10 z Real (red) and imaginary (blue) parts of the permittivity of BiSe; according to
Equation 4.6.

4.11z Sapphire dispersion relation according to Equation 4.7.

4.12 7 (a) Dispersion relation for BkSe according to Equation 8. (b) Plasmon
propagation length in BbSe; according to Equation 2. (c) Plasmon wavelength in £Se;
according to Equation 3. (d) Normalised plasmon propagation length in £8e according

to Equation4.4.

4.13 7z Real part of the inplane permittivity (blue) and out-of-plane permittivity
(orange), according to Equations 4.9 and 4.10 as well as the real (yellow) and imaginary

(purple) parts of the total permittivity.

4.147z The dispersion relation (a),plasmon propagation length (b), plasmon wavelength
(c) and normalised plasmon wavelength (d) of B5e from Figure 4.12, determined using

model 1 (Equation 4.6), with the equivalent plots determined using model 2 (Equations
4.9 and 4.10). The values plo#td in (b) and (d) are the absolute values to maintain

similar y-axis scaling to Figure 4.12.

4.15- The dispersion relation (a), plasmon propagation length (b), plasmon wavelength
(c) and normalised plasmon wavelength (d) of BSe for a range ofd calculated from

Equation 4.11, using a range df 176 x10t8 cm3.

4.167 The dispersion relation (a), plasmon propagation length (b), plasmon wavelength
(c) and normalised plasmon wavelength (d) of BSe; for thicknesses of 20 nm (blue), 40

nm (orange), 60 nm (yellow) and 80 nm (purple), according to Equation 4.8.

4.17 - The dispersion relation (a), plasmon propagation length (b), plasmon wavelength
(c) and normalised plasmon wavelength (d) of BBe for a range ofE calculated from

Equation 413, using a range of 176 x1013 cm-=2,



4.18 7z Photolithography mask used to fabricate ribbon sample (wafer MBE20220536).

4.19 7 Gated Hallbar Bi,Se; sample (wafer MBE20220530) microscope image with
cross-sectional diagram (inset). Adapted fom [21].

4.20 z Real (blue) and imaginary (red) part of the permittivity of sample MBE210312,
according to Equation 4.6, using material parameters obtained from fitting the real (béu

dashed) and imaginary (red dashed) parts of the permittivity acquired via THZDS.

4.217 The dispersion relation (a), plasmon propagation length (b), plasmon wavelength
(c) and normalised plasmon wavelength (d) of sample MBE210312, according to

Equation 4.8, using the permittivities of Figure 4.20.

4.22 z Real (blue) and imaginary (red) part of the permittivity of sample MBE210318,
according to Equation 4.6, using material parameters obtained from fitting the real (blue

dashed) and imaginary (red dashejlparts of the permittivity acquired via THzTDS.

4.237z The dispersion relation (a), plasmon propagation length (b), plasmon wavelength
(c) and normalised plasmon wavelength (d) of sample MBE210318, according to

Equation 4.8, using the permittivities ofFigure 4.22.

4.247 Real (blue) and imaginary (red) part of the permittivity of sample MBE20220536,
according to Equation 4.6, using material parameters obtained from fitting the real (blue

dashed) and imaginary (red dashed) parts of the permittivity acqined via THzTDS.

4.257 The dispersion relation (a), plasmon propagation length (b), plasmon wavelength
(c) and normalised plasmon wavelength (d) of sample (wafer MBE20220536) according

to Equation 4.8, using the permittivities of Figure 4.24.

4.26Z7 Red (blue) and imaginary (red) part of the permittivity of sample MBE20220530,
according to Equation 4.6, using material parameters obtained from fitting the real (blue

dashed) and imaginary (red dashed) parts of the permittivity acquired via THZDS.

4.27 7 The dispersion relation (a), plasmon propagation length (b), plasmon wavelength
(c) and normalised plasmon wavelength (d) of gated Hall bar sample (wafer
MBE20220530) according to Equation 4.8, using the permittivities of Figure 4.26.

4.28 7 Schematic @ the scanning area of sample MBE210312. Not to scale.

4.29 7 (a) 3m THz and (b) topology images from a 10@um x 100 um THzs-SNOM
measurement of sample MBE210312, measured in the scanning location depicted in
Figure 4.28.



4.30 - (a) 3m THz and (b) topobgy images from a 20um x 20 um THzs-SNOM
measurement of sample MBE210312, measured in the scanning location depicted in
Figure 4.28.

4.31 z (a,d) Scanning area schematic (hot to scale), (b,ejn3THz and (c,f) topology
images from two 85um x 85um THzs-SNOM measurement of sample MBE210312 in
different positions on the sample.

4.32 7 (a) 3m THz and (b) topology images from a 9Qum x 90 pm THzs-SNOM

measurement of plain sapphire wafer.

4.33- (a,d) Scanning area schematic (not to scale), (b,endHzimages and (c,f) inTHz
images of two 90pum x 90 um THzs-SNOM measurement of sample MBE210312 in
different orientations of the same scanning area. Figures (e) and (f) have been rotated

900 to demonstrate the angle at which the scan was performed.

4.34 7 (a) Scanning area schematic, (b) AFM image, (a3 Hz image and (d) averaged
THz image in the ydirection, of 30 um wide ribbon on sample MBE20220536.

4.357 (a) Scanning area schematic, (b) AFM image, (an3Hz image and (d) averaged
THz image in the ydirection, of 4.25um wide ribbon on sample MBE20220536. The

incident beam was ppolarised denoted by the beam directior: and field direction %.

4.36 7 (a) Scanning area schematic, (b) AFM image, (an3Hz image and (d) averaged
THz image in tke y-direction, of 4.25 ym wide ribbon on sample MBE20220536. The

incident beam was spolarised denoted by the beam directiort and field direction %.

4.37z Scanning area schematic of gated Hall bar-Big; sample. Omitted are the Au wires
which connect to the Au contacts (yellow) and bottom gate (blue) to provide a bias

across the TI.

4.38 z () 3m THz and (b) topology of the gated Hall bar sample, measured in the

scanning area shown in Figure 4.37.

4.397 (a) Horizontally averaged values from Figure 4.38a and (b) horizontally averaged

values from Figure 4.38b.

4.40 z Single interferometric fringe generated by current step between 54@ 582 mA,

performed in a similar manner to that shown in Chapter 3.

4.41 7 Magnitude (a) and phase (b) extracted using the GPSA of Chapter 3 from a 1D

coherent measurement scan of the gated Hall bar TI sample wéh 0 V.



4.427 6 signal of Figure 3.41 plotted in the complex plane with (red) and without
(blue) the offset# according to Equation 4.13.

4.43 7 Real part of the SPP field (blue) with Equation 4.14 (red) for coherent
measurements of the gated Tlisingé OV (a)and6 2.5V (b).

4.44 7 SPP wavelength extracted using Equation 4.13 for coherent measurements of the

gated Tl sample using a range of gate voltagés -5z5V.

5.1z Dispersion relation for fundamental mode of comkshaped F5P waveguide (a) and
normalised amplitude of the outof-plane electric field of a unit cell obtained using FEM
(b). Geometric parameters of the waveguide withx  1.07A, A 0.73Aand E 0.8A
where A 7.5 um (a inset). Adapted fronj10].

5.2 27 ANSYS HFSS wave port simulation environment for PSP waveguide with SSPP
propagating from port 1 and detectel at port 2. Adapted from[10].

5.3 7 Real part of the outof-plane electric field% (MV/m) on the surface of a 208 pm
long PSP waveguide, captured from the simulation environment of Figure 5.2. Adapted
from [10].

5.4z (Blue) Averaged% values for each bar of the PSP waveguide extracted from Figure
5.2. (Red) Equation 5.2 with fitting parameters of 11 MV/m,E 3350 cm?, |
1.2 rad and, 75 um. Adapted from[10].

5.5z (a) Schematic diagram of grating struatre with period | 20 um, length, *x 87
um, offsetC 10 p and slit length, 25 pm. (b) Schematic diagram of the 208 um
PSP waveguide integrated with the grating of (a). Adapted frofd0].

5.6z S-polarised simulation orientation showing direction of incident beam wave vector

E and electric field% with respect to the wavegude structure. Adapted from[22].

5.7z (a) Simulated real part ofthe out-of-plane field % on the surface of a 208 priong
PSP waveguide excited by anpolarised 3.45 THz incident beam. Spatially averaged
values of% per bar for the area@ 02z 104 um (b) andd 104 z 208 um (c), fitted to
which is Equation 5.2with fitting parameters % 3+ 0.18 (arb),E 3600 cm! and

: 60 pum. Adapted from[22].

5.8z (a) THz image of a portion of the PSP waveguide obtained by FTetENOM, in which

the signal is derived from thel 2 harmonic of6 . Spatially averaged values 66 per



bar for the area@ 07104 um (b) and@ 104z 208 um (c), fitted to which is Equation
5.2.

5.9z Schematic of the DC structure showing the three regions of interest. The structure
is designed so that SSPPs are launched at the beginning of WG1 and couple to WG2
within the interaction region. Adapted from [10].

5.10 z (a) Dispersion relation for even (solid) and odd (dashed) SSPP modea DC
structures with varying Cvalues. (a, inset) Part of the dispersion relations of (a) cropped
to the E values of interest. Real part of the oubf-plane field% of the SSPP even (b) and
odd (c) modes obtained via FEM simulations of a DC sttuce with C 0.5 um. Adapted
from [10].

5.11 z Magnitude (upper) and real part of the outof-plane electric field (lower) on the
surface of the DC structures obtained via wave port simulations. (§ 0.5 um, (b)C
0.7um, ()¢ 1um,(d)C 1.5umand (e)C 5 um. Adapted from[10].

5.127 Ring termination designs schematics. (&% 0 um, (b)A 1.5um, (c)A 2.5 um,
(dA 35um, (€A 45umand ()A 5.5 um.

5.137z Magnitude ofout-of-plane electric field for PSP waveguide with ring terminations
acquired via freespace excitation simulations. (@A 0 um, (0)A 1.5 um, (c)A 2.5
um, (d)A  3.5um, (e)A 4.5umand (HA 5.5 pm.

5.14 z Comparison of the performance of the rig termination designs.

5.157 Tapered termination design schematics. (af 7.5 um,A 8 um, (b)E 15 um,
A 8um,(c)E 75pumA 2pmand(dE 15um,A 2 pum.

5.16 z Magnitude of outof-plane electric field for PSP waveguide with tapered
terminations acquired via freespace excitation simulations. (2 7.5 um,A 8 um,
ME 15pmA 8um, (c)E 7.5umA 2pmand (d)E 15pm,A 2 pm.

5.17 z Comparison of the performance of the tapered termination designs.

5.18 z Extension termination desgn schematics. (a) 5 um, (b), 10pum, (c), 15
pm and (d), 20 pm.

5.19 z Magnitude of outof-plane electric field for PSP waveguide with tapered
terminations acquired via free-space excitation simulations. (a) 5 um, (b), 10 pm,
(¢), 15pumad(d), 20 pum.

5.20z Comparison of the performance of the extension termination designs.



5.21 z Grating termination design schematics. (@A 0.5 um parallel, (b)A various

parallel, (c)A 0.5 um perpendicular and (d)A various parallel.

5.22 7z Magitude of out-of-plane electric field for PSP waveguide with grating
terminations acquired via free-space excitation simulations. (aA 0.5 um parallel, (b)

A various parallel, (c)A 0.5 um perpendicular and (d)A various parallel.
5.237z Comparisonof the performance of the grating termination designs.

5.24 7 Comparison of wave port simulations of 208 um gold and nickel PSP waveguides.
(a) Real part% of gold waveguide, (b) real part% of nickel waveguide, (c) Figure 5.4
and (d) (Blue) Averaged % values for each bar of nickel PSP waveguide extracted from
(b). (Red) Equation 5.2 with fitting parameters o6  1.768 MV/m,E  0.13 cm?,|

3.05 rad and, 14 pm.

5.25z3 Parameters of nickel PSP waveguide with length 208 pm.

5.26 z Performance of nickel versions of each termination design with results of

corresponding gold designs (a) Figure 5.17, (b) Figure 5.20) and (c) Figure 5.23.

5.27 z Schematic diagram of DC structure with grating and 10 um nickel extension on
beginning of WG2. The grating has dimensiond 20 pm andC 10 pm. The IR of
the DC is considered to begin at bdr 4 of WG1. The gap between WG1 and WG2 is
C 0.5pum.

5.28 z Real part of the outof-plane electric field of WG1 (a) and WG2 (b) of the DC
structure obtained via freespace excitation simulations. (c) Averaged field per bars
(dots) of the waveguide of (a) fitted to using Equation 5.10 (line) with fitting parameters
% 0.8 mV,E 3750 cm, E 3300 cm?, [ 1.4 rad,f 2rad,, 80 pm. (d)
Averaged field per bars (dots) of the waveguide of (b) fitted to using Equation 5.10 (line)
with fitting parameters % 1 mV,% 1mV,E 3650 cml,E 3200 cm?,|
1.9rad,[ 1.9rad,, 80 pum.

5.29z Microscope image of DC structure with nickel terminations.

5.30 7 THz sSSNOM (a) and AFM (b) imaged ( 2) of WG1 IR of the DC structure of
Figure 5.29.

5.317z Averaged data per bar (dots) of 5.40a fitted to using Equation 5.12 (solid line) and
Equation 5.16 (dashedine) with fitting parameters % 0.6 mV,E 4100 cmt,E
3300 cmti, [ -0.26 rad,f -0.19rad,, 75 pum.



5.32 7 THz sSNOM (a) and AFM (b) imaged ( 2) of WG2 IR of the DC structure of
Figure 5.29.

5.337 Averaged data per bar (dots) of 5.42a fitted to using Equation 5.13 (solid line) and
Equation 5.17 (dashed lie) with fitting parameters % 0.18 mVE 4400 cmi, E
3800 cnmt, | -0.7 rad,| -lrad,, 75 pum.

6.1z Phase acquired from modulated steppedrequency measurement.

List of Tables

Table 1 z Drude-Lorentz model (Equation 4.6) parametes extracted from mid-IR

reflectance measurements of BSe at room temperature. Taken from[20].

Table 2z Anisotropic Drude-Lorentz model (Equations 4.9 and 4.10) parameters. Taken

from the supplementary material d [23].



Chapter 1

Introduction

1.1 Terahertz

Terahertz (THz) frequency radiation is defined as the range of electromagnetic (EM)
frequencies between approximately 0.% 30 x10'2 Hz (or range of wavelengths between
10 umz 1 mm) [24]. This range lies between microwaves and infreed radiation on the
EM spectrum (Figure 1.1), otherwisek T x 1T A O OEA]. Thd sfghificande bfdhe
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frequencies, as they exist in the range that was beyond the limitations of traditional
optical and electronic technigues, as well as their generally complex/expensive nature

and common requirement of cryogenic cooling.

300 GHz - 10 THz

millimetre/ THz : - - e
iEtowae gap infrared [ISI] ultraviolet X-ray

Figure 1.1z Electromagnetic spectrum shoiwg the region of THz frequencies. Adapted
from [1].

Despite being first observed in the early 20 century [25], the THz range had been
notoriously poorly explored. It was not until 1976 that the first application of THz
(described at the time atO /EA O-ORTA&ZQA x AO OAAT Oeidl R6] in Hith $ 8
aHCN laser, GaAs detector and LED camera were used to determine the transmittance
and reflectance of various organic athinorganic materials, when subject to wavelengths
between 3377 1020 pum (0.3z 0.9 THz). This inaugural demonstration of THz imaging

was the first indication of its potential as a powerful investigative technique.

Despite this early interest, it would be over a decade later before the academic and
industrial exploration of this spectral range progressed, thanks to the development of
affordable, highpower THz sources (Section 1.2). Since then, the unique properties of
THz radiation and its vast range of jplications have been extensively studied27]. Its
non-ionising, nondestructive nature and high absorption by water makes it ideal for

medical imaging, such as cancer screigy [6], [28]. Additionally, these properties

(8



provide an attractive alternative to xrays for security applications such a contraband
detection [29], [30]. As well as KO, many compounds display both rotational and
vibrational absorption lines in the THz spectrum, making it suitable for chemical
identification applications, such as astronomy31] and spectroscopy{32]. Furthermore,
many non-polar materials are transparent to THz, such as most polymers, which make
them suitable for THz optical components, such as windows, filters, lenses and splitters

and screening/inspection applications[33].

1.2 Terahertz sources

One of the earliest methods of THz generation was through the use of photoconductive
antennae (PCA), wherein electrofhole pairs are excited via a higlpower picosecond
pump laser, producing transient currents that emit lowpower broadband THz radiation
[34]. For more narrowband emission, required by applications such as gapectroscopy
[35], devices such as Schottky diode multipliers have been used, in which microwave
frequencies are upconverted in the THz rangg36]. Traditional gas lasers, such as GO
and methanol lasers, have been a reliable sourcemdrrowband coherent THz but their
large size and need for several kW power supplies renders them inconvenient. Other
THz applications require only continuouswave (CW) emission, such as imaging
techniques that are less interested about frequenegomain and time-domain
information [37]. For these systems, sources such as CW photomixg38], [39] and
Gunn emitters[40] have been developed. However, these sources typically suffer from

low power and are limited to the lower end of the THz range.

More recently, a far more attractive THz source has been developed in tloerh of a small
semiconductor device known as a quantum cascade laser (QCL). The QCL concept was
first proposed in 1971 by Rudolf Kazarinov and Robert Surigt1] but was not put into
practice until 1994 by Faist et al [42], who demonstrated a QCL operating at a
wavelength of 4.26 umX 70 THz) with a peak optical power of 8.5 mW, and achieved

lasing in pulsed mode at a device tempetare ofx 90 K.

The first use of a QCL in the THz range was seen in 2002 at the Cavendish Laboratory,
Cambridge, by Kohlert al [43], which emitted at 4.4 THz with a peak optical power of
x 2 mW and operated in pulsed mode at 50 K. Since, the optimisation of the QCL over

the last two decades has enhanced its popularity and preference for THz generation, due



to its small size, low threshold current (commonly a few hundred mA), tunability44],

narrowband emission[45] and high output power ¢ W) [46].

1.3 QCL theory

A laser Light Amplification by Stimulated Emission of Radiatidmyenerates radiation via
electron transitions from an upper to a lower energy level. When interacting with a
photon with the correct energy, an electron occupying an upper level can transition and
emit another photon with equal wavelength and phase as the incident photon, which is
called stimulated emission. However, electrons occupying lower levels can absorb and
be excited by these photons, resulting in no emission. To achieve lasing, the average
number of electrons inthe upper level must be greater than that in the lower, a condition

referred to as a population inversion.

For simple interband semiconductor lasers, such as laser diodes, the conduction badd

and valence bandO of the material define the upger and lower energy levels. In these

devices, the emitted photon energy is equal to the band g&p, which is determined
Oi1ATU AU OEA OAIT EAT 1 AOAOI 060 Al I PT OEOQEIT T | &
using quantum wells to generate a seriesfoenergy levels within O and O called
subbands[47]. Since the energy levels associated with the subbands are dependent on

the width of the quantum wells[48], the photon emission can be adjusted to energies

other than 'O (Figure 1.2b). However, given that all electron transitions, regardless of

the subbands between which they transition, are required to cross fror®® andO, the

minimum photon energy possible to be emitted i€ . The previously desciA AA 04 ( U
"AbD6 AOEOAO AAAAOOA OEAOA AOA 11 ETT xT OAI
bandgap small enough to achieve THz frequency emission.

To circumvent this fact, a scheme was developed that relies ontersubbandtransitions,

wherein photon emission is the result of electrons transitioning between subbands

within the conduction band, permitting energies far smaller tharflO (Figure 1.2c).
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Figure 1.2z Representation of photoemission mechanisms for three different laser designs.
(a) Interband design where electron transition occurring between conduction b&ddnd
valence bandO with photon energy equald the band gagO . (b) Quantum well design
where electron transition occurs between subbandsGnand subbands ifO , resulting in
photon energies greater thai® . (c) Intersubband design where electron transition occurs
between subbads within‘O , resulting in photon energies less th&n. Adapted fron{2].

The QCL is a laser which utilises this technique. A QCL consists of semiconducting
material (commonly GaAs/AlGaAs) engineered into stacked quantum wells, forming a
series of identical repeating units. Each unifFigure 1.3a) comprises an active region
(the region in which the intersubband transitions take place) and injector/extractor
regions (non-radiative regions). Both of these regions comprise multiple quantum wells,
which allows for control of the emissionwavelength and energy of injector/extractor

states[49].

Careful engineering of quantum wells can permit the overlapping of neighbouring states
to form bands of nondiscrete energy levels called minibanddnjector minibands allow
electrons to efficiently tunnel into the upper energy level of an aote region, whereas
extractor minibands allow for efficient tunnelling of electrons out of the lower energy
level of an active region, when under an applied electric field. An organisation of these
bands allows the extractor miniband of one active regionotform the injector miniband

of the next, permitting the cascading of electrons through the units of the device, hence
the name. As seen below, some QCL designs employ the use of minibands within the
active region, referred to as superlattice QCLs, whilsithers comprise no minibands at

all and instead rely on discrete electron states to form the upper and/or lower lasing

level and longitudinal-optical (LO) phonon scattering for low level depopulation.



Injector

(b)
Extractor
Active Region

Figure 1.3 Diagram of the QCL working principlé€a) Electrons tunnel through a potential

barrier from an injector miniband into the upper level of the active region releasing a
photon with energyQ, after which they tunnel out into an extractor miniband. (b) The
process described in (a) for a seriebstacked wells when under a bias, showing electrons
cascading through the device. Adapted frdB1.

Similar to any laser, to achieve lasing a population inversion must be reached within the
active regions. In a QCL this is ensured by encouraging a depopulation of electrons from
the lower lasing states. There are several QCL designs which can bedutebring about

this process, a summary of which can be seen in Figure 1.4.
Chirped Superlattice (CSL) design:

A CSL utilises minibands to both improve the photon emission process and depopulate
the lower energy level (Figure 1.4a). The active regions afCSL QCL comprise an upper
and lower miniband, the electron transition between which (the minigap) is radiative.
Since electrons naturally relax to the lowest state of a miniband, electron transition
occurs between the bottom of the upper miniband to theéop of the lower, from where
they then relax to the bottom of the lower miniband. This process both reduces the
average transitioning distance between bands, which ensures a favouring of radiative
intra-miniband transitions over non-radiative inter-miniband transitions, and
encourages a depopulation the lower miniband. However, this design is at risk of thermal
backfilling from injector states to the previous lower band, which occurs due to thermal
excitation and/or absorption of longitudinal optical (LO) phonons [4] and

consequentially limits the device maximum operating tempeature.



Bound-to-continuum (BTC) design:

An improvement on the CSL, the BTC design uses a similar depopulation mechanism

with the inclusion of a thin well placed adjacent to the injection barrier, forming a bound

defect state within the minigap (Figure 14b). This enables a diagonal transition as the

electron loses energy, resulting in a decrease of neadiative scattering [4].
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the lower miniband, resulting in a more selective injection process. Consequentially, this

design has anmproved resistance to thermal backfilling, higher operating temperature

and greater optical power[50], [51].

Resonant Phonon (RP) design:

The RP design (Figug 1.4c) removes the use of minibands and instead brings the lower
lasing level close to the energy of the extractor states and engineers the gap between the
extractor states and injector states to match the L{honon energy for GaAs( 36 meV).
This ensures rapid depopulation from the lower lasing level to the extractor and sub

picosecond scattering from the extractor to the injector states.

Although the lack of minibands in the RP design does reduce the rate of radiative
transitions compared to the BTC dsign, this is compensated for by its commonly shorter
unit (or module) lengths 0, which result in an increase in the gaiifQ as'Q® pfd
since the number of units for a given device thickness is greatfs2]. Furthermore, the
high energy required to transport electrons from the njector state to the lower lasing
level substantially reduces thermal backfilling and improves temperature performance
[53]. However, the large energies associated with this design require a high bias in order
to align the extrector/injector states, therefore QCLs that use this design commonly

possess a greater threshold current density and electrical power required for operation.
Hybrid/Interlaced:

The hybrid (or interlaced) design (Figure 1.4d) combines the depopulation mecimécs

of the RP design with the diagonal transition concept of the BTC desidf¥], [55],
ensuring a highly efficient device that benefits from the advantages of both approaches.
The foremost of these is its low threshold current density, allowing the device to operate
at higher temperatures and tterefore perform better when operated in CW mode, which
is desirable for applications such as selhixing (Section 1.5). Because of thighe QCLs
presented in the following sections (and remainder of this thesis) are based on the

hybrid/interlaced design, the fabrication process for which can be found ifiL0] .



To minimise THz radiation leakage fom the active region into the device substrate, QCLs
commonly employ waveguides fabricated on the outside of the active region. The two
designs commonly used are the metahetal (MM) waveguide and the seminsulating
surface plasmon (SISP) waveguide[56]. It is understood that the MM design tends
perform better at higher temperatures but at the cost of poor beam quality. Hence, for

the QCLs seen in Chapter 2 and after, they employ theSR design.

Additionally, QCL emission is atoriously multi -frequency, which is undesirable for
many applications such as THz imaging (Section 1.4). To ensure only sinfilsquency
emission, some QCL designs incorporate optical gratings into their waveguides, which

filter the emission into a singlefrequency[57].
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Figure 1.4z Various THzQCL active region designs. (a) Chirped Superlattice, (b) Beund
to-continuum (¢) Resonant Phonon, and (d) Hybrid/Interlaced. (Red) Upper energy level

wave function. (Blue) Lower energy leeave function. (Grey) Minibands. Adapted from

[4].



1.4 Terahertz imaging using QCLs

As seen, imaging was the first practical demonstration of THzased technology, which
has now become its most widelyused application. Its unique transmittance and offer of
sub-millimetre imaging resolution has given rise to the development of fafield and

near-field imaging techniques.

An early example of these techniques used terahertz time domain spectroscopy (FHz
TDS). Under this regime, the transmittance of THz pulses through a target stdnce is
acquired by measuring the resulting radiation in the timedomain, from which
information on the chemical composition of said target can be inferred. This technique
has been known since the latd980s [58] but the first practical images were not
obtained until 1995 by Hu ard Nuss[5], which was permitted by their optimisation of
the technique. This optimisation included: a reduction in acquisition time of each THz
waveform from minutes down tox 5 ms with a signatto-noise ratio (SNR) of over 100:1,

a down-conversion of the waveform into the kHz range, and redlme acquisition
processing/display of the spectra data via the use of a digital signal processor. By raster
scanning a samfe, with the use of a tweaxis motorised stage, a 2D THz image can be
acquired, an example of which can be seen in Figure 1.5, where the water content of a

leaf is compared immediately and 48 hours after being cut.

freshly cut leaf after 48 hours

3

Water Concentration

Figure 1.5z Comparison between THZDS images of a freshly cut leaf (left) and the leaf
48 hours after cutting (right) showing the attenuation of THz due to water content.

Adapted from[5] .



The systan described above employed a femtosecond pulsed Ti:sapphire laggmmped
PCA THz source, which was dowoonverted into the kHz range using a 15 cm/s delay
line. However, using PCAs in this regime has several drawbacks, the most significant of
which is thelow output power (commonly*x UW) of the optically pumped devices, which
themselves requires very large and expensive laser systems. Furthermore, PCAs only
emit broadband radiation which, as previously described, is inadequate for many

applications.

To overcome these restrictions in the NIR range, devices such as heterostructure laser
diodes have been employed. However, similar semiconductdrased sources, used in an
attempt to solve these issues in the THz range, had posed a great challenge, due to the
lack of materials with a sufficiently small bandgap for THz generation by intrband
electron transitions. It is these limitations that led to the development of the QCL, whose
compact size and ability to generate higipower, spectrally pure, narrowband THz

radiation makes it ideal for imaging applicationg8].

For simplicity, early QCL imaging was concerned with incoherent THz detection,
wherein only the amplitude of the measured THz signal is considered. The most
rudimentary of these systems, such as that shown in Figure 1.6, involves a single
frequency THz-QCL, the output of which is focused onto a sample and the transmission
is collected by an external THz detector. An image of the target is generated by raster
scanning the sample using a translation stage. These systems have been demonstrated
for the imaging of biomaterials[6], electronic componentd59] and a variety of chemical
compounds [32]. For THz detection in these systems, a common instrument is the
bolometer [60]z[62], which has been seen to achieve great sensitivity and a dynamic
range of*x 64 dB, but does require cryogenieooling. An alternative method, seen in
[59], is the use of a pyroelectric sensor. However, it was considered that detector
sensitivity and dynamic range could be improved with the usef a more powerful THz
source, which would allow for the utilisation of a multielement pyroelectric camera and

remove the need for sample movement.
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Figure 1.6z Schematic diagram of THz imaging system emyitoy a 3.7 THz QCL. Adapted
from [6].

Despite offering greater imaging resolutions*( 250 um) [6], [61], [63], [64] compared
with alternative imaging systems such as THZDS, due to the reduced diffraction limited
beam resolution afforded by higher frequencies, TH®CLs still fall short of the
diffr action limit ofx 64 um at 3 THZ65]. This is primarily due to their irregular beam
profiles, which is a result of a dfraction of the QCL output beam due to the sub
wavelength geometry of the metaimetal waveguide aperture[66]. To mitigate this,
alternative techniques such as the serninsulating waveguide has been used, providing
superior beam quality and a reduction in beam divegence [43]. However, beam
diffraction from both the substrate and waveguide ridge result in duakmission ldbes
[67]7[69], as well as the emission profile comprising rindike interference fringes[70],
[71]. Modern QCLs may overcome these drawbacks by employing hollow dielectric
waveguides to encourage a substantially Gauas emission mode [65], [72]. An
alternative technique is the spatial filtering of the QCL beam, which has been
demonstrated in a 2.9 THz transmissiormode confocal microscope to achieve a spatial

resolution of better than 70 um[61].

Coherent imaging, in which both the amplitudeand phaseof the measured THz signal
are considered, offers significant advantages over the systems described aboVe a
manner similar to THz2TDS, fully resolving the THz field acquired from measuring a
sample allows for determination of the complex permittivity of the sample and therefore
identification of the sample material[73]. Additionally, this regime offers the potential
of high dynamic range/detection[7], [74] as well as applications such as depthesolved

imaging [75].
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A caveat to these advantages is the complexity of the systems required to perform
coherent imaging. A conventional method involve mixing the THz field with a reference
signal in order to produce an intermediate frequency suitable for electronic detection.
Furthermore, the line broadening and frequency drift of a QCL due to thermal and
electronic noise, the magnitude of which s pF'Q, necessitates the use of frequency
stabilisation [76], [77] . Methods for achieving this commonly involve an alternativ laser
source, such as that presented in (59), wherein a 2.41 THz Q8ser was used as a local
oscillator to stabilise a QCL on a Schottky mixer with an offset frequency of 1.05 GHz.
This system maintained a 2& 30 KHz QCL linewidth over a scan periodf@0 minutes.
However, a phase drift of 7°was observed, which was attributed to mechanical noise,

resulting in a lengthening of the optical beam path.

An alternative method was demonstrated irf7], in which a 2.5 THz QCL, with an output
ofx 2 mW at a temperature of 2K, was stabilised using a 780 nm 100-femtosecond
laser comb and employed two identical electrapptic detection units (EO1 and EO2) as
shown in Figure 1.7a, the first to lock the QCL frequency to the laser comb and the second
to detect the reflected QCbeam. The NIR laser, which operated at a repetition rate’of
250 MHz, creates a series of beatotes when mixed with the QCL output. The frequency
of these notes is compared to an RF reference signal, the error of which is then used to
control the QCL curent through a phaselock loop, which maintains the QCL frequency
atx 104 harmonic of the NIR laser repetition rate. A portion of the laser comb is then
used as a reference signal for coherent sampling of the reflected THz field using EO2.
This system wasused to image the amplitude (Figure 1.7b) and phase (Figure 1.7c) of
the THz field reflected from a 10 cent Euro coin, from which the reflectivity and surface
profile of the coin was extracted. The system achieved a spatial resolution of 160 um and
a long-period phase stability of 3°/h. In a similar manner to the previous technique,

this stability is determined by the mechanical limitations of the apparatus.

It is evident from the examples highlighted here that, although a useful technique, QCL
based coherent imaging suffers fromcomplex experimental setups required for
frequency stabilisation and THz detection. These issues have since been addressed with
the development of a far simpler and more compact optical arrangement based on the
phenomenon of semixing in a THz QCL, an @&wiew of which will be given in the

following section.
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Figure 1.7z (a) Experimental setup for coherent THz imaging system using a frequency
locked 2.5 THz QCL. (b) THz power and (c) unwrapped THz phase images of a 10 cent euro
coin. Individual imags first published ir{7]. Figure adapted fronj8] .

1.5 Self-mixing

The selfmixing (SM) effect is a well understood phenomenon in semiconductor lasers

[78] but has only recently been fully utilised in THz frequency QCLs for sensing and

imaging applications[79]. The SM effect is afforded by reinjection of part of the emitted

radiation back into the laser caity [64]8 4 EEO Oi EGETI C6 | £ OEA EIT EOG
can be observed as a small change in optical power, lasing frequency and, more
pertinently, device terminal voltage. Since the degree by which all of the values are

affected depends on the amplitude and phase of the reinjected field, it can be seen that a

QCL under optical feedback acts, itself, as an interferometric sensor, without need for

external detection apparatus.
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This scheme has many benefits @r previous interferometric detection methods. The
redundancy of an external detector makes for a simpler and less bulky optical sep
compare to those that employ THz bolometers, as well as far greater detector sensitivity
compared to room temperature devices such as pyroelectric sensors, due to the inherent

suppression of background radiation entering the laser cavit{80] .

The standard theory of optical feedback in lasers, to be presented in Chapter 2, predicts
a modulation to the selfmixing voltage @ according to Equation 1.1, a derivation of
which can be found in2] .

won

’ 0 '—~-LU

where - is a constant accounting for lossesy s the reflectivity of target,0 is the
external cavity length,’ is the frequency of the radiationgis the speed 6 light and— is
the phase change on reflection by the target. This phase arises from either the depth of

the target surface or complex part of the material permittivity.

The dependence oftw on both0 and’ enable the generation ofinterferometric
fringes by monitoring @  whilst varying either of these two parameters. As such,
coherent imaging can be achieved via modulation of these two parameters. The latter of
these parameters will be varied for the application of coherentHz nearfield imaging
presented in Chapter 3.

Given the aforementioned benefits and convenience of QCL THz sources, as well as the
experimental simplicity of the SM sensing approach, it is not surprising that substantial
research efforts have focused onombining these two technologies for THz imaging and
sensing applications. Most notaly, as described by Equation 1,1the SM detection
method is inherently sensitive to both amplitude and phase of the reinjected field, which
enables a breakaway from relying on traditional QCl-based imaging approaches , which
have almost exclusively relied on incoherent thermal detectord8]. Furthermore,
coherent laser feedback interfeometry (LFI) is significantly sensitive to changes in the
optical phase in the external cavity. This changes can arise from changes in the cavity
length, refractive index inside the cavity, on reflection from the target (as described
above), or a combinaibn of these effects. This sensitivity creates numerous
opportunities for developing compact LFI systems for deptitesolved imaging[73], [81],

displacement/vibration sensing[79], [82] and gas spectroscopy83] at THz frequencies.

It should also be noted that Equation 1.has been expressed in terms of reflecting from

a targetwith reflectance’Y , such as that seen in Chapter 2. This scheme remains robust
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for replacing this reflectance with a scattering source, such as the tip of an atomic force
microscope, which is the case for THz scatterintype scanning nearfield optical

microscopy using a QCL (Section 2.4) on which this thesis is predominantly based.

1.6 THz-s-SNOM

For far-field THz imaging systems, where the target sampling is done from a distariGe
that is greater than the wavelength_ of light used to do saQl _), such as those seen
in Sections 1.4 and 1.5, the imaging resolution ifnlited by the Abbe diffraction limit

[84]. This defines the highest spatial resolutioiY for a free-space EM wave as,

Y m$%% P&

where _ is the wavelength and0 0is the numerical aperture of the system. Therefore,
for far-field THz imaging systems, the maximum resolution ks _¢ (orx 50 pum for a

system operating at 3 THE

For THz imaging applications that benefit from sukwavelength resolutions, such as
biomedical imaging [85], [86], quantum dot detection [87], [88], semiconductor
characterisation [89], [90], single molecule detectior{91] and imaging of micrescale
resonators and metamaterials[10] to name a few, neadffield techniques are required. In
contrast to that described above, this regime inMges the detection of the imaging

information at a distance from the target that is less than the incident wavelengt@ L

One method of achieving this criteria is aperturdype SNOM (aSNOM), wherein a
subwavelengthsize detector or aperture is introduced into the neatfield region of the
sample[92]. However,the resolution afforded by this is not completely independent of

the wavelength and therefore acts as a higpass filter with a cutoff frequency Qgiven

by,

P& TP
0

0 o0&

where Gis the speed of light andQis the diameter of the aperture.
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An aperture with diameterQ 100 pm would, therefore, have a cubff frequency of' Q
1.76 THz. Of course, one could overcome thignit by reducing the aperture size.
However, this would drastically reduce the amount of signal available to detect. This
becomes an issue when considering the position of the detector. Ma@t al [93]
demonstrated that the amplitude of a signalO transmitted through an aperture with

diameter Qexponentially decays with digance from the apertured as,
06 Q! p8

where 0 is a wavelengthindependent factor with value 0 T vpresuming the

condition & L _

Therefore this regime is only viable by bringing the detector into close proximity of the
sample, which is practically inconvenient. A wide range of detectors, compatible with
both pulse and CW sources and covering almost all of the THz range, have been
integrated into the aSNOM technique to allow for improved sensitivity, spatial
resolution and phasesensitive detection[94]. These techniques enable THz imaging,
such as that shown in Figure 1.8, with a moderate spatial resolution’of2 z 30 um, for
applications such as mapping of fields in THz waveguides, plasmonic and dielectric

resonators and THz metasurface§9], [95].

a)
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Figure 1.8z (a) Interpolated nearfield map of gold resonators array measured using the
ASNOM technique. (b) Waveform showing time delay at which (a) was recorded,
corresponding to maximum amplitudes. (c) Interpolated nefeld map of singé gold
resonator at time corresponding to maximum of the waveform (inset). This system used an

aperture size of 10 um, integrated with a PCA detector. Adapted f[@jmn

A truly wavelength-independent nearfield imaging technique is scatteringtype
scaming near-field microscopy (sSNOM), sometimes referred to as apertureless

(scattering-type) near-field scanning microscopy This method utilises the AFM
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principle, wherein a small probe (tip diameter 1 um) is brought into close proximity
with a surface that is mounted on a piez@lectric stage which can move with nanometer
precision. The probe is mounted on a cantilever where it oscillates at close to its resonant
frequency. By monitoring the verticd height of the probe, the topology of the surface can

be measured96].

The sSNOM tehnique uses an external light source to illuminate the apex of the probe.
Since the probe comprises a polarisable material (commonly W or Pt/Ir alloy), the
incident radiation induces a dipole in the probe apex which, in turn, induces a localised
mirrored dipole in the sample. The coupled dipole scatters radiation into the fdeld,
the efficiency of which is affected by the permittivity of the samplg13], [97]. By
measuring the scattered fieldO, information about the local surface field and, in turn,
the local dielectric constant, can be deduced. This method has been used with incident

frequencies ranging from visible light to THZ98].

The resolution of this scheme is solely dependent on the probe apex diameter and prebe

sample distance, both of which are subantially sub-wavelength.

The most common model for describing the probesample interaction is the pointdipole
model [99]7[103], a visualisation of which can be seen in Figure 1.9. This model makes

two assumptions:

1. Only the probe tip causes neafield interaction with the surface and is treated
as a polarisable sphere with radiusy, permittivity - and polarizability | .

2. The incident EM fieldO that illuminates the probe tip, has a polarisation in
parallel with the direction on the tip and induces an almost infinitely small dipole

at the centre of the tip.

Accordingto the definitions given above, the dipole) induced in the tip by an incident

EM field, without the presence of a sample, is given by,

n 10 pd

where the polarizability of the tip| is given by,

This tip dipole generates a mirrored dipole momentj in the surface with,
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where - is the complex permittivity of the sample.

This mirrored dipole couples with the tip dipole resulting in a field enhancement whah
increases the tip scattering efficiency96].

Put another way, the neaifield interaction between the tip and the sample affects the
polarizability of the tip, which is now better described as the effective polarizability

and is given by,

Py

where qis the tip-surface distance.

S

@Bp

sample

Figure 1.9z Schematic diagram of the poindipole model. Adapted frorfl0].

It can be seen from Equation 1.8that as a© Hb the effective polarizability is
approximated to the polarizability of the tip, i.e| x | . As the tipsurface distance
reduces,i © 0, the effective polarizability supersedes$ , conveying a strong a neafield

interaction between the tip and surface.
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It is also known that the field scattered to the fafield is directly proportional to the tip
polarizability O @ @& 'O. Since the pointdipole model considers the induced dipole
to be infinitely small, at larged,’'O © 0 and alternatively at smallg, the enhanced near
field interaction leads to a strong scatteed field O . It is this dependence of the scattered
field on the effective polarizability that allows information about the surface permittivity

to be deduced from measurement 0©.

Furthermore, the nonrlinear dependence of the neafield interaction with & allows for
the nearfield component of O to be distinguished from unwanted background fasfield
components, such as direct scattering from the probe shaft, through demodulation©f
at higher harmonics of the probe oscillation frquency[13], [96], [101] . This background

suppression technique will beinvestigated in Chapter 2.

A problem with the sSNOM technique is the smal available for detection, despite the
enhanced scattering efficiency when coupling the tip and surface. This arises from the

relation | 8 'Y as described by Huation 1.8. SinceYis small (Y _ ), this leads

to a small effective polarizability and therefore smallD. One study showed that only
0.4% of an incident 2 THz wave was scattered from a1 pm probe tip to the far
field [104]. This demonstrates the requirement for high sensitivity detectors. Therefore,
an ideal scheme for THz frequency-SNOM (THzs-SNOM) is by exploiting selfnixing in
QCLs. Additionally, sSNOM also requires fast detection in order to detect up to
frequencies caresponding to higher harmonics of the tip tapping frequency, which is

also afforded by the SM scheme.

The first demonstration of THz2s-SNOM using a SM QCL was in Desiral [102], wherein
a 2.53 THz QCL was incident at an anglecob0%on a’Y 1 um Pt/Ir tip oscillating at a
frequency of 90 Hz. This system achieved spatial resolutions*f1 um and*x 7 um,
corresponding tox _fp mand*x _JTp mespectively, along orthogonal directions of an 80

X 60 um image of a 115 nm thick gold on quartz sample.

Recently, the high sensitivity of LFI combined with the high ogput power and low
phasenoise of THz frequency QCLs has been exploited to enabti&EIOM operating at
frequencies beyond 2 THz. This advancement has created new possibilities for THz
measurements at the micre and nancscale including the mapping of charge carriers in
semiconductors ard nanostructures[105]z[107], investigation of plasmonand phonon
polaritons in emerging two-dimensional materials[23], [108], [109] and the
microscopic investigation of metamatierals and micreand nanoscale resonatorg15],
[110], [111]
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1.7 Plasmonics

The term plasmon is defined as a collective oscillation of electrons on or within a free
electron gas, for instance within a metal. Surface plasmon (SP) oscillations occur due to
light-matter interactions on the interfacebetween a conducting material and a dielectric,

such as gold and aif11].

This interaction leads to two important classes of surface plasmorsurface plasmon
polaritons (SPPs) which are EM modewith subwavelength confinement that propagate
on the surface of a conducting materials; antbcalised surface plasmond.SPs) which
occur when the particles of the conduction medium are smaller than the incident
wavelength and therefore accommodate SPsdocalised standing waved 12]. Surface
plasmonics offers a promising bridging between lectronic and photonic technologies
due to its ability to tightly confine light on the surface of a material on a sutvavelength
scale, thereby providing strong surface field enhancement. Its many potential
applications include superresolution imaging [113], high-density optical data storage
[114] and bio-sensing[115].

To characterise the plasmonic response of a material, ¢hfrequency dependent
permittivity - 1 is used, wheré is the frequency of the incident radiation[116]. This

can be determined using the Drude model for metals, which is expressed as,

]

—— &)
T o P

1 -

where - is a high frequency offset] is the average scattering rate of electrons and

is the bulk plasma frequency according to,

1 a— pPH T

where¢ is the electron density,Qis the electron charge@ is the effective eletron mass

and- is the permittivity in a vacuum.

The electronphoton interaction at the surface of a conductor can be described by the
dispersion relation, which described the frequencydependent SP wave vectoR |,
obtained by solving Maxweld © ANOAOET 1 O [1#],0 OEA 30 i1 AA

(S
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where,Q is the free-space wave vector which is described b2 1 j cowhere is the
speed of light,- is the permittivity of the dielectric medium and- is the permittivity

of the metal given by Equation 1.9

Two conditions must be satisfied in order to support SPs: - Ttand - - 1. For
these conditions to be satisfied, the real part of must be negative, which is satisfied
for metals below the plasma frequency. The dispersion relation for a SP mode can be
seen in Figure 1.10 and shows the momentum mismatch which must be overcome to

achieve coupling between light and the SP mode.

o A , ®=Ck
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ko kSP K X
Figure 1.1Qz Dispersion curve for a SP mode. The SP mode a\ag a greater momentum
20 than the free space wao 0 for a given frequenc] , hence the momentum mismatch

problem. Adapted from[11].

To overcome this momentum mismatch, several mechanisms have been doyed, such
as prism coupling[118], [119], scattering from topological defect$120], [121] and using
gratings [122] which is atechnique that can be seen in the structures dhterest in
Chapter 5 Alternatively, the momentum mismatch can also be solved by scattering the
incident field from an ssSNOM probe. This method will be used in Chapters 4 and 5 to

both launch and image SPis a variety of materials.
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Once coupling to the SPP mode has been achieved, the mode will propagate on the
surface of the conducting material in a manner depicted in Figure 1.11, wherein the
generation of surface charge carriers creates an electric fieldnormal to the surface and

magnetic field"Otransversely parallel to the surface.

7 A
Dielectric
+++\>/ - \</ v""
Metal

Figure 1.11z SP propagating at the interface between a metal and a dielectric. The electric
field Ois perpendicular to the surface and the magnetic fiéldis transversely parallel.
Adapted from[11].

The electric field decays exponentially with distance from the surface and is described

as an evanescent field, which prevents power from radiating away frothe surface. This

decay of the electric field away from the surface is of the order of_j ¢, whereas the

decay of the field into the surface EO AAOAOI ET AA AU OEA [ AOAOE
relationship between these values and distance above/below the surface are visualised

in Figure 1.12.

The SP mode wilgradually attenuate due to absorption by the surface material. The rate
of attenuation is determined by the imaginary part of the SP wave vect@ea2As such,

the SP propagation length  can be obtain from Equation 1.12

| = PP ¢

where -2 and - aare the real and imaginary parts of the dielectric function of .
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It can be seen from Figure 1.10 and Equatioh.12 that Q increases with] , whereas
1 deceases with . This leads to a compromise between confinement and propagation
of the SP modg123].

SPPs are typically exploited in the optical and UV range of frequencies which are near to
thel of metals such as gold. However, at lower frequencies, suchTddz, these metals
resemble perfect electric conductors, which results in extremely poor confinement of
SPPs, such that the EM field propagates as a weekly confined Sommerfigdthned
surface wave. In Chapter 4t will be seen how lower carrier density mderials, such as
topological insulators, support more tightly confined SPPs in the THz range.
Furthermore, it will be seen in Chapter 5 how metals, such as gold, can be organised into
structures that allow for THz confinement in the form of a spoefurface plasmon
polariton (SSPP).

|E

Figure 1.127 The SP electric field normal to the surfag® sdecays with distance away

from the surfacé and distance into the surfade . Adapted fron{11].
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1.8 Thesis overview

Chapter 2 presents the experimental apparatus for characterisation of THz QCL devices,
which are an essential component of the experimental work presented in the remainder
of this thesis. This includes experimental meas@ments of voltagecurrent and power-
current characteristics, from which the threshold current density as a function of
operating temperature is determined, as well as measurements of the lasing spectra.
Additionally, the frequency tuning coefficient of a QL device is measured via two
methods based on selmixing detection. The seHmixing response of a QCL is further
analysed, with particular focus on the behaviour of the feedback parameter, linewidth
enhancement factor and signal amplitude as the drivingcurrent is varied. This
investigation is particularly relevant to an experimental approach for coherent<SNOM

presented in Chapter 3.

Furthermore, Chapter 2 also presents the characterisation of a THZSNOM system
employing selfmixing in a QCL. This inodes a demonstration of background signal
reduction via demodulating at higher harmonics of the tapping frequency of the AFM
probe tip, as well as an investigation of the dependence of signal size on demodulation
harmonic and tip tapping amplitude, both é which have been investigated for both large
and small tip sizes. Chapter 2 is concluded with an investigation of the TH4SNOM
spatial resolution, which is realised via boundary measurements of a simple getih-
silicon structure. The dependency of theasolution on tip size is evaluated, as well as a
consideration of undesirable tipedge coupling as a result of the tip profile, an example

of which is experimentally demonstrated.

Chapter 3 presents an approach to coherent THeSNOM based on selhixing in a THz
QCL. It is shown how the frequency tuning of a THz QCL via laser feedback
interferometry, in conjunction with a sophisticated data acquisition and control
program, can be exploited to capture coherent measurements data in the form of
interferometr ic fringes realised in the seHmixing voltage & . Using this technique,
coherent nearfield imaging with deep subwavelength resolution is demonstrated.
Furthermore, a novel approach for extraction of the magnitude and phase from the
acquired imagng data is demonstrated using a generalised phastepping algorithm
(GPSA). The applicability of this analytical tool is investigated theoretically in both the
far-field and nearfield for a variety of lasing and sampling conditions, and is shown to
be acurate for as little asO 4 sampling points per imaging pixel, which drastically

reduces the image acquisition time compared to previous coherent THz imaging
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methods. Lastly, the use of this technique in THZSNOM is demonstrated by imaging

the out-of-plane field supported bya THz micraresonator.

Chapter 4 explores the properties of topological insulators (TI) and their ability to
support SPs in the THz range. This initially involves an overview of Tl materials and the
mechanics behind their unique properties. The plasmonioature in the THz region of
several novel patterned and unpatterned bismutkbased TI thinfilm samples is
predicted using a DrudeLorentz model, the origin of which is also detailed. Using this
model, the dispersion relation, plasmon propagation length andlasmon wavelength of

a generic Tl is determined, as well as those of the aforementioned samples, using

material parameters acquired via THZTDS.

Furthermore, the experimental samples are imaged using the THzSNOM system
described in Chapter 2, wherein2D images acquired from unpatterned and ribbon
patterned thin-film samples demonstrate the challenges faced when launching and
measuring SPs using this method. Lastly, the coherent TI4SNOM technique of Chapter

3 is used to investigate a BEe thin-film sample incorporating a metallic top gate. It is
demonstrated that the sSNOM approach can successfully prope the Tl surface beneath
the top-gate. By expressing the resulting imaging data in the complex plane, it is seen

that SPPs can be successfully lacined and measured on the surface using this technique.

Chapter 5 presents an investigation into the design, improvement and neéield imaging

of waveguides designed to support spoof surface plasmon polaritons (SSPPs) at THz
frequencies. The work presentd in this Chapter is a direct continuation of N. Sulollari
2022 [10] and opens with a summaryof the relevant work therein. A series of additional
SSPP waveguide end geometries, the goal of which is to impede unwanted coupling of
incident radiation to the SSPP mode, are exhibited. All designs are subject to simulation
using the software ANYSY HF3S6 which the structures are excited using waveports

and spolarised free space excitation at 3.45 THz.

The prospect of using nickel as a waveguide termination design material instead of gold
is also investigated. Based on these initial simulation resglf the most effective geometry

is chosen and incorporated in the design of an improved SSPP dualveguide structure
designed to demonstrate coupling of SSPPs between spatially separated waveguides,
which is then simulated in a similar manner. Finally, aexperimental sample based on

this new design is fabricated and measured using the TH2SNOM of Chapter 2.

Chapter 6 concludes the thesis with a short summary of the experimental chapters and

suggestions for future work.
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Chapter 2

THz-s-SNOM based on sdl-
mixing in a QCL

2.1 Introduction

The work presented in the remainder of this thesis relies on three main components: the
QCL, seHlmixing detection, and the THz-SNOM system. The following Chapter will
present and discuss the underlying theory of eacbf these components, and investigate
their key aspects experimentally. Section 2.2 will describe the measurement
approach/apparatus for measuring the LIV relationship and emission spectra of a QCL

before presenting and discussing said characterisation @in exemplar QCL.

Section 2.3 will explore the frequency tuning of QCLs and will utilise setfixing
detection in a QCL to measure the tuning coefficient of an exemplar QCL. An overview of
the selfmixing theory will be presented based on the Lang{obayash model of a laser
under optical feedback. A description of the experimental apparatus used to measure the
tuning coefficient will be given and an analysis of the resulting data will show how the
tuning coefficient can be realised via two methods. Additically, Section 2.4 will include

a detailed investigation of the selmixing response in a QCL as a result of a change in

driving current.

Section 2.5 presents a description and characterisation of the T¥zSNOM system that
will be used in the remainder ofthis thesis. This will include a guide to aligning the
system, a demonstration of the techniques used to reduce background signal, and an

optimisation of the system resolution and how it varies with tip size/surface features.
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2.2 QCL Characterisation

Before using a QCL in a specific application, it is necessary to fully characterise it in order
to determine its suitability. This section explains the characterisation procedure.
Exemplar characterisation data is presented for a QCL that is later used to
explore/characterise selfmixing detection signals in Section 2.3.This included the light
current voltage (LIV) characteristics, from which parameters such as the laser threshold
current density 0 , maximum operating temperature”Y  and peakoperating power

0 were determined. As well the lasing spectra are obtained through Fourier
transform infra-red spectroscopy (FTIR). These characteristics are of particular
importance when considering the frequency tuning of a QCL with current (8gon 2.2)

and use of a QCL in systems such as the microscope of Section 2.5.

2.2.1 Experimental set -up

A diagram of the experimental seup used to measure the LIV characteristics of a QCL
can be seen in Figure 2.1. The QCL was mounted on the dalder of a continuous flow
Helium-cooled cryostat (Janis STL00), which was mounted on three adjustable stages
for ease of alignment. Prior to operation, the cryostat was vacuum pumped to a pressure
ofx 1 x 108 mbar and cooled to a temperature of 2& 0.01 Kwhich was maintained by

a (Lake Shore 335) temperature controller. The laser was characterised in continuous
wave (CW) mode, provided by an Arroyo current driver, since it was only to be used

experimentally in this operating mode.

The output beam of the dser was collimated and focused, by two identical parabolic
mirrors (each with "G 101.6mm), which was detected by a cryogenically cooled Ge
thermistor bolometer. To measure the absolute power of the QCL, the raw LIV data is

obtained using the bolometer which is then calibrated using an absolute power meter.

A mechanical chopper wa first used to align the system by modulating the beam>at1 60

Hz. Throughout the experiment, the voltage signal from the detector was recovered via
a DSP lockin amplifier (LIA) using the frequency of the mechanical choppeQ as its
reference.Both the QCL voltage and driving current are both read using an oscilloscope.
Both the oscilloscope and LIA were connected to a PC and the LIV data was measured

using a LabVIEW virtual instrument (VI).
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Figure 2.1z Experimental setup for LIV characteisation of the QCL. Adapted froft0].

2.2.2 LIV data

Figure 2.2 displays the currertvoltage relationship and the powetcurrent relationship

of an exemplar QCL, measured using the apparatus of Figure 3. In this case, the device in
guestion consisted of a 14 um thick GaAs/AlGaAsvgell active region[55] based on the
hybrid design described in Chapter 1 Section 1.3, which was processed into a semi
insulating surfaceplasmon ridge waveguide with dimensions of 1.8 mm x 150 pm. To
achieve lasirg on a single longitudinal mode, a 166 pm long finitsite photonic lattice

was patterned through the top contact layer using focused ion beam millifd24] .

Each set of measurements was taken over a range of operating temperatures fromz20
50 K. Due to the geometry of its quantum wells, the voltage across the device determines
the alignment of the injector and upper lasing level, and ultimaly the device power
output. For low voltages, electron transport through the active region is inhibited by
misalignment of the extractor and injector states. As voltage increases, the states begin
to align allowing electron tunnelling between wells, leadig to population of the upper
lasing levels and generating the emission of photons. Lasing occurs when the optical gain
exceeds the losses of the device. The QCL driving current at which lasing is achieved,
represented on Figure 2.2b as where the device tput power becomes nonzero, is

described as the threshold current. Optimum alignment of the lasing states provides the
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peak optical powerd . Further increasing of the voltage results in a secondary
misalignment of the lasing states, at which the tunnelling efficiency reduces and

consequentially lowers the power output.

Figures 2.3 and 2.4 show howy and V0 are affeded by temperature. Peak power
reduction occurs due to thermal backfiling and thermallyactivated LO phonon

emission, according to Equation 2.110].

el 5 5 Y
0 0 Ao B\—( P
where "Yis the QCL operating temperature and ,0 and"Y are fitting parameters. The

maximum operating temperature for this laser isdefined as the temperature at which

the output power 0 drops to zero, which is’Y * 50 K.
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Current (A) Current (A)

Figure 2.2z (a) QCL IV curves for a range of operating temperatures. (b) QCL LI curves
for a range of operating temperatures. Both measured using the apparatus of Figure 2.1
and with the QCL in CW mode.

Figure 2.3shows the peak optical power of the QCL for different operating temperatures
taken from Figure 2.2b. Also shown is a fit to Equation 2.1 from which the parameters
valuesO 1.6 mW,0 0.23mW and’¥Y 22.2 K are determined.
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Figure 2.3z Peak optical power for various QCL operating temperatures. (Blue)
Experimental data taken from Figure 2.2b. (Red) Expected trend according to Equation
2.1.

Furthermore, a similar mechanism explains the increase in the threshold current density

0 with temperature, displayed in Figure 2.4. Here thermal backfilling means a larger

current is required to achieve the optical gain needed to overcome the losses. This

behaviour is also described by a Boltzmann fit in the form of Equation 2.2. In this

equation the threshold is quoted as a threshold currentlensity, as relating it to the
AAOCEAASO AEI AT OETTO AllT1Tx0 £ O AAOU has | PAOEC

been calculated using a QCL crosectional area o6 2.7x103 cm?.

. . Y
0 0 UAQB? 8

Figure 2.4 shows the fit to Equation 2.2, for which the fitting parameters are, 212.1
Alcm2,0  1.07x103Alcmz2,"Y 3.71 K.

From these evaluations, it can be seen that for a typical operating temperature of a QCL
in CW mode (20K), a peak power of 0.98mW and threshold current density @of x 210

Alcm2was determined.
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Figure 2.4z 0 valuesfor various QCL operating temperatures. (Blue) Experimental data,
calculated from the threshold current vales of Figure 5a. (Red) Expected trend according

to Equation 2.2.

2.2.3 Spectral data

Figure 2.5 shows the FTIR experimental saip used to measure lie frequency spectra

of the QCL. This comprised similar components to Figure 2.2 and was based on a
Michelson Interferometer with resolution 7.5 GHz. Briefly, a Fourietransform infra-red
(FTIR) spectrometer measures the spectrum of an incident radiatioheam by splitting

it into two different beams using a flexible split mirror and adjusting the phase difference
between the two beams using a moveable mirror. The beams are recombined and the
interference pattern is captured using an iAbuilt detector. A Faurier-transform of the

data reveals the emitted power as a function of emission frequency.

controller

Cryostat

— — o]
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Figure 2.5z Experimental setup for FTIR characterisation of the QCL. Adapted frfi].

To perform the spectra measurements of Figure 2.6, the QCL was mounted in the
apparatus of Figure 2.5 and measured using FTIR over a range of driving currents. The
QCL was operated in CW mode and maintained at a temperature of 20 + 0.01 K through

the experiment using a (Lake Shore 335) temperature controller.

T T
/\ 1000 mA
/\ 950 mA
- 900 mA
Dl m.
< 850 mA
ey 800
5 mA
c
Q@ 750 mA
£
700 mA
650 mA
600 mA
1 1
3.45 3.5 3.55 3.6

v (THz)
Figure 2.6z QCL (L1612) spectra for different driving currents measured via FTIR.

From Figure 2.6 it can le seen that this device lases at a single mode of 3.52 THz. The
single modality of the QCL is ensured by the addition of top layer photonic lattice
employing a metallic grating that generates a narrow bangass filter at the Bragg
frequency of the lattice,due to the contrast between the refractive index of the etched
and metallised areas of the waveguidgl25]. It is expeced that the frequency will tune
with current but the resolution of the FTIR (7.5 GHz) does not allow this to be measured
from Figure 2.6. Instead, it will be shown in Section 2.2 how setfixing can be used to

measure QCL frequency tuning with a high sslution.

2.3 Frequency tuning of QCLs

For QCL imaging applications in which both the amplitude and phase of the signal
require resolving, one approach is to utilise the tuning of QCLs by sweeping the output
frequency and measuring the change in the QGroltage due to the selmixing (SM)
effect. This can be performed for both neafield and far-field techniques and has been
observed in[73], [82], [126], [127].
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There are several mechanisms that can be used to tune the output frequency of a QCL,

such as modulation of its operating temperature[128], tuning due to rear facet

illumination [129] and driving current modulation [130], [131]. Notably, tuning through

OAi PAOAOOOA EO AEAI OAAA AU OEA AADPAT AAT AA T A
and responds with a tuning coefficient govered by0 1 §| "YThis temperature

change is commonly brought about by varying the QCL hesink temperature, but can

also occur by varying the QCL driving current through Joule heating. The speed at which

the QCL can be thermally tuned is thus limited bthe thermal time constant of the

semiconductor material, which is usually of the order of 100 u$132].

QCL tuning via nodulation of the driving current is faster and widely used in
spectroscopic techniques such as trace gas detectifitB3]. This technique is afforded

by shifting the peak frequency of the intersubband gain within a QCL, by subjecting it to

a change in the applied voltage, causing a change in the refractive index of the laser

cavity, which in turn tunes the frequency contiuously [134]. This method is therefore

limited in speed only by the electrical timeAT T OOAT O T £ OEA 1#,60 11 A
[135] and has been demonstrated for tuning over a range of 4 GHZ6] and 19 GHz

[137].

The tuning coefficientof a QCL is defined as the change in lasing output frequency as a
result of a change in the driving current (or temperature depending on the method)
[138]. Thethermal tuning coefficient of QCLs typically varies fromn 34 MHz/K tox 100
MHz/K. However, fast temperature tuning from a change in current is limited to 5
MHz/mA. Alternatively, for some QCL designs, current iing has been demonstrated at

x 8 MHz/mA [139], which is degree similar value as the tuning coefficients determined
in Section 2.3.3.

In the following Sections, a new approach for measuring frequency tuning with a high
resolution based on SM is shown. Two implementations of interferometric fringe

generation via SM are demonstrated, from which the tuning coefficient of the QCL
characterised in Section 2.2 is determined. The two methods involve applying a
frequency sweep through a modulation of the QCL driving current and mechanically

extending the external cavity length.

2.3.1 Underlying theory of swept -frequency self -mixing
The responseof a QCL under the SM scheme can be expressed using the stesdie
solution of the model proposed by Langobayashi[140]. Alternatively, the same result

can be obtained fromthe three mirror model [141], which is visualised inin Figure 2.7.
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Here a laser cavity of lengthh is subject to optical feedback from an external mirror
which forms an external cavity of lengthd . Equation 2.3 is arrived at under the
condition that the change in the compound cavity phase accumulation is zero at the
cavity resonant frequency and is referred to as the excess phase equation. Equation 2.4

defines thechange in thethreshold carrier density O due to optical feedbacK12].

¢‘t v 0 O & U AOAQAI T ¢®
O 0 TAT O o c8

Here the subscriptrtdenotes laser parameters in the absence of optical feedbatks the
lasing frequency, is the linewidth enhancement factor and! is the coupling rate of
optical feedback.t is the round-trip delay, defined ast ¢d T&whered isthe
external cavity length andais the speed of lightd is a dimensionless parameter which
encapsulates factors such as the target reflectivity , laser facet reflectivity'Y and is
defined by,

.t Y v o
O'T_pl TP q

where - is a constant that accounts for various djical losses andt is the laser cavity

round trip time, defined ast ¢h ¥d whered is the internal cavity length.

M, M; M3
Laser Emission
o 3>
——)- oct R,0
T Back Injection » OR
| >} >]
Lin: Tin Lexla Text

Figure 2.7z Three mirror model of laser feedback interferometry. Wheye, 0 and 0
are mirrors,& is the internal cavity refractive index, is the external cavity refractive
index, Yis the reflectivity od and— is the angle ob  with respect to the emission beam.

Adapted from[12].
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The perturbation to carrier density described by Equation 2.4 causes a proportionate
change to the emitted power and laser terminal voltage. This gives rise to the expression
for the terminal voltage of a QClunder optical feedback described by Equation 1.4.

To acquire interferometric fringes, from which the tuning coefficient of the QCL can be
determined, the QCL terminal voltage can be modulated via a change to the round trip
phase of the external cavity. fiis can be generated by a modulation to the driving
current, which in turn produces a change to the QCL frequency and therefore caaghe
desired phase change. Thigme-dependent interferometric phase of the SM signal under

frequency modulation of the lagr is given by,

%00

[0 TG %o C®

where %qs the initial phase of the SM fringe ab 0, Qis the speed of lightd) is the
external cavity lengthl is the modulation rate of the system which incgporates the laser

tuning coefficienty and"Qis the carrier frequency of the fringes givenbjQ ¢ 0 j®

2].

To modulate the current, a sawtooth waveform can be applied to the QCL current

driving (Figure 2.8a) which produces a modulated current (Figure 2.8b). The QCL
terminal voltage can then be measured (Figure 2.8c) from which can be extracted the
interferometric fringes by removal of the QCL voltage recorded without any feedback
(Figure 2.8d).
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Figure 2.8z The various waveforms involved in swefrequency lasefeedback
interferometry. (a) The modulation current supplied by a signal generator. (b) The
modulated current used to drive the laser. (c) The laser terminal voltage. (d)

Interferometric fringes resolved by removal of the modulation waveform.

2.3.2 Sydem set-up

The tuning coefficient of the QCL described in Section 2.2 was determined using two
methods: a) comparing the positions of consecutive fringes acquired through swept
frequency laser feedback interferometry, and also b) measuring the phase betwesets

of interferometric fringes due to a change in the external beam path length.

The experimentation associated with each of these methods was performed using the
system seen in Figure 2.9. This comprises the QCL, mounted in a continuous flow helium
cryostat, in a similar fashion to that seen in Section 2.2, the output of which is focused
onto a reflective target mounted on a motorised translation stage moveable in the z
direction. The alignment is adjusted so that a portion of the reflected radiatiorrdvels
back along the beam path and is reinjected into the laser cavity. The QCL is driven by an
Arroyo current driver which is influenced by a signal generator to allow electronic

modulation of the QCL output.
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The QCL voltage was measured by a DAQ boamid visually displayed via a LabVIEW
virtual instrument. A modulation of the driving current using a 2 V peako-peak
(resulting in a 400 mA increase from 600m/4 1000) saw-tooth wave with a frequency

of 1 KHz and offset of 0.3 V was used and monitoredthe oscilloscope For alignment
purposes, the SM signal was first modulated with a mechanical chopper and acquired by
a LIA.

= _=

I QcCL I
= I
J—
w |
I 1
Cryostat

L e o

Figure 2.9z Experimental setup for selfmixing measurements using a QCL.

2.3.3 LFI measurements

To perform the selfmixing measurements, several recordings of the QCL terminal
voltage were acquired by the DAQ board whilst subject to the current modulation
described above. This was subsequently performed for various external beam path
lengths, which were varied over a range 040 pm with a step size of 4um. The initial

starting path length waso 30 cm.

Compared to the modulation waveform, the selfixing signal acquired from these
i AAOOOAT AT OO EO OAOU xAAE B o i6Qq AT A OEAOA
observed. To do this, a nomeflective material was inserted into the optical path to

negate the seHmixing signal. This blocked signal was measured 1000 times and
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averaged to obtain an accurate reading of the background modulation waveform. The
optical path was then unblocked and the swept frequency also averaged over 1000
measurements. The blocked signal was then subtracted from the averaged unblocked

signal to reveal the selimixing fringes, an example of which can be seen in Figure 2.10.

0 1 2
t (ms)

Figure 2.10z Modulated seHmixing signal measured using the apparatus of Figure 2.9.

700 800 900 1000

I (mA)
Figure 2.11z7 Example of selmixing signal embedded in the data of Figure 2.10. Revealed
when removing the averaged background signal.

The interferometric fringes, such as thee of Figure 2.11, can be used to characterise the
frequency tuning of this QCL with a change in driving current. To evaluate this response,
the following can be used. It can be seen from Figure 2.11 that the shape of the fringes is

substantially sinusoidd which therefore suggests that the QCL is under a weak OF
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(optical feedback) regime (C<<1). It is therefore reasonable to state, from Equation 2.3,
that

e’ o

@ © Al 97(5 &

where,0 is the external cavity length andbis the speed of light.

Since the fringes are assumed to be sinusoidal, at the peak of any fridgéhe following

must be satisfied,

8"1 cC:

where & is an integer and’ is the laser frequency at the peak of thé fringe. By

analogy, for the next consecutive fringe, this condition can be expressed as,

THI ':‘)

; “a
= q P Cp ™
Therefore, using equation 2.9 ad 2.10,
o P p
Given the current tuning coefficient as,
0 —_ P q
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it follows that,

0 — - ®o

Where "O is the current caresponding to the peak of thed  fringe. Calculatingv for
each consecutive pair of fringes in Figure 2.11 and averaging these values gives a tuning
coefficient of 4.09 MHz/mA.

Alternatively, and as stated above, the tuning coefficient can ald®e determined by
measuring the shift in fringe position due to a change in the external optical path length.
This was obtained by repeating the SM measurement for each position of the reflective
mirror target, which was moved via the motorised stage, ovea range of 40um with (-)

4 ym steps. Figure 2.12 shows two sets of fringes that were measured during this
experiment, with different positions0 0 1 (of the mirror, and demonstrates how

a change in the optical path length can cause a shift in the fringe position.

Vam (mV)

4

—déL=4 um

700 800 900 1000
I (mA)

Figure 2.12z SM fringes measured for the initial mirror positign 0 0 um (blue) and a

1 0 4 um movement of tke mirror parallel to the THz beam (orange).

As show in Figure 13, the fringe sets comprise four distinct peaks. To determine the
change in current values at which the peaks of each fringe occur, the position of the
corresponding peaks for each set were eopared to that of the fringe set measured

for) 0 m‘ & and averaged to give the mean fringe shift for that set. For example, the



40

average change in current value between peaks pf0 4 um and] 0 O um was
calculated to bel ® 10.77 mA. In order to calculate the change in frequency

corresponding to this change in current, the following analysis is applied

From Equation 2.9 it can be seen that, for a change in both output frequency and

cavity length] 0the following is true,

™’ 10 70 ‘4 .
5 q g
it follows that,
.[“l ’L‘) .l_n eI U .[Hi <-| 0 .l_u 1 1 eI ’L‘)“ d U
) ) ) o ° @
However, given that, at the peak of thé& fringe,
.[u ) 0 . d
- C QN0

and,

™71 ] @ o0 ,T“‘]!U FT“"] 0
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Equation 2.15 can be simplified to,
.l_u «I U .[uv <-| 0
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from which we can obtain,

17 10
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By calculating thischange in frequency 'for each path length extension {and plotting

it against each corresponding value of ;®igure 2.13 can be obtained, fitted to which is

Equation 2.20.

17 01 O g m

5 f (MHz)

0e ® Measured values
—Best fit
I [

| | | | |
0 10 20 30 40 50 60 70 80 90
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Figure 2.13z Change in frequendy "for each sebf interferometric fringes (blue)

calculated using the above analysis, alongside best fit of reldtioi®] "Q(red).

From the fit of Figure 2.13, as seen in red, a value ©f= 3.29 MHz/mA was obtained.
This value agrees reasonably well with the vakiof 4.09 MHz/mA determined by the
previous method. The discrepancy between the tuning coefficients yielded by these two
methods can be attributed, at least partly, to the ambiguity in the position of each fringe
peak, since the fringes are not perfecthginusoidal or well defined. Additionally, the
approximation made in Equation 2.17 will add error. Furthermore, it is also assumed
that the value of 0 remains constant across the current range, which may not be

accurate.

In summary, the characterisation of a QCL has been undertaken as seen here and in
Section 2.2. The QCL currentoltage and currentpower response have been explored,
which has yielded values for the maximum power and threshold current density and. A
spectral analysis of the device has demonstrated a single mode of 3.52 THz, at an
operating temperature of 20 K. Additionally, the selmixing effect in a QCL has been

demonstrate using tis device, from which the tuning coefficient has been determined.
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These results provide necessary information about this QCL, which are necessary for
implementation of it into systems, such as the THz frequency scatterifigpe scanning
near-field optical microscopy (THzs-SNOM) characterised in Section 2.5, for coherent
imaging applications. The following Section will further investigate selfixing in a QCL,
which will include how parameters, such as optical feedback strength and linewidth

enhancementfactor| [142] vary with current.

2.4 Characterisation of the self -mixing

response as a function of driving current

As seen in Section 2.3, the SM effect has been used to determine the tuning coefficient of
a QCL. In this section, further investigation into the M effect in a QCL itself will be
undertaken. This analysis will explore the specific properties of a SM response that are
expressed in Equations 2.3z 2.5, such as the feedback parametér, linewidth
enhancement factot and fringe amplitudet , for a range of QCL driving currents. These
behaviour of these parameters is important to understand for applications such as that
demonstrated in Chapter 3, where the frequency tuning of a QChder optical feedback

is used in a coherent imaging system.

2.4.1 System setup

To investigate the effect of driving current on the SM response in a QCL, a series of
interferometric fringes were generated via mechanical optical path extension, for a
range of QCL driving current, using the QCL previously characterised. This was
performed using an opticalset-up schematically identicalto that used in the tuning
coefficient measurements of Section 2.3 (Figure 2.9), but omitting electrical modulation

of the QCL driving current.

To generate a series of interferometric fringes, the QCL seifixing voltage @ was
recorded for each 0.5um increment of a 0.2 mm mechanical extension of the initial
0 300 mm optical beam path. The mechanical choppdrequency was< 100 Hz,
which was used as the LIA reference frequency, which had a time constantfof 100

ms.
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An example of the fringes generated can be seen in Figure 2.14, fitted to which is the
Lang-Kobayashi (l-K) model for a laser under weak feedack, Equation 2.21. For this

experiment, the laser driving current was kept constant at 650 mA.

O Experimental data
L-K model

Target displacement (mm)

Figure 2.14z Interferometric fringes generated via mechanical beam path extension
(blue) with Lang-Kobayashi fit (red). For this set the values®f 0.36) -1.91 and
1 0.25 mV were determined.

2.4.2 Analysis

To model the SM voltage signal, the equation introduced in Chapter 1 and reiterated in
Equation 2.21, is fitted to each set of fringes to allow for extraction of each of the

parameters stated abwe.
W I AT 6—5— — 8 p

whereT is the amplitude of the SM fringes.

The QCL frequency under optical feedbackis given from the solution to Equation 2.3.
The method by which the values ob and| are fitted to the set of fringes uses the model
given in [143]. The model first requires a preliminary guess for each of the fringe
parameters, the mostinfluential of which are the feedback paramete® and linewidth
enhancement factor , which are related through the following expression[12], as

described previously by Equation2.5,
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where the feedback coefficientQis defined as,

o0 I_Y
v P @ o

in whichY s the reflectivity of the external target,Y is the reflectivity of the emitting
laser facet,- is the portion of the reflected radiation that couples coherently with the
laser and accounts for optical lossed; is the round-trip delay in the external cavity
which is defined byt ¢d jo(in which 0 s the external cavity length andis

the speed of light) andt is the round trip time for the laser cavity.

The linewidth enhancement factori is a value that relates the change in phase of the

laser output to a change in its optichgain and was first defined in144] as ,
we —wQ & T

where ¢ is the laser phase andQs the optical gain.

To initially determine a value of Qwith which to fit the 6 and| values for the variaus
sets of fringes, the first three fringe sets, obtained using to driving currents of between
550 z 560 mA, were fitted to using a leassquared fit with Q6 and| being free
parameters. Ome suitable values for allsets were established, the valuesfoQwere
averaged and a value olQ 0.168 was determined. This value then was used as a
constant to perform the fits for the subsequent data sets, wherein a least squares fit of
the fringes was performed with| andf as free parameters. For each set dfinges, a

value of6 was determined from the| values using Equation 2.22.

To perform the least squares fit of each data set, initial guesses of the fitting parameter
close to the true value, had to be given. To produce the fit seen in Figure 2.46 initial
value of| -1.85 was chosen. Additionally, the amplitudé and DC offsetw were

assumed to bé (") W jcandw (") W jc.
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O  Experimental data
— L-K mode|
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Figure 2.15z The fringes of Figure 2.14 (blue) with a Laxgpbayashi fit using initial
fitting parameters of -1.85 andQ 0.168 (red). HeréOD 650 mA.

Figure 2.16 shows thed,| andf values for a range of QCL driving currents between
575-1100 mA, determined using the method described above. Sing¥emains constant
for these measurements and is determined by using Equation 2.22¢ is completely
dependent on| and generally displays values indicative of weak feedback except for
small driving currents ( 600 mA). The values of obtained agree well wth previous
studies using THz QCLE9], [145], [146]. Furthermore, the trend olserved betweert
and driving current agrees with previous studied79]. Notably, thearea in Figure 2.16¢
in whichT remains substantially constant, provides an example of ideal QCL operation

for applications such as swepfrequency interferometry.

This investigation has explored the nature of this QCL under the SM regime. The device
could now be used in applicationgn which this regime is required, such as the-SNOM

system of Section 2.5.
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Figure 2.167 Selfmixing parameters extracted fronw fringes using the tK model,
measured over a range of QCL driving currents. (a) Feedback paranteté) linewidth

enhancement factor , (c) fringe amplitudg .

2.5 Characterisation of THz -s-SNOM

In later Chapters, THzs-SNOM is used to investigate plasmonic effects in a range of
materials. In this Section, the basic operation of THZSNOM is presented and itsey

characteristics are investigated.

The THzs-SNOM system presented here (Figure 2.17) and used in the remainder of this
thesis is based on a commerciatSNOM/AFM (neaSNOM, neaspec GmbH) and employs
an external THz QCL emitting dtx 3.45 THz. The QC({L1180) was fabricated by Dr P.
Rubino and its LIV and spectra characteristics can be found in Section 2.4.31df]. The
QCL comprised a 14um-thick GaAs/AlGaAs ninewell hybrid active region, which was
processed into a 1.8 mm 150 mm SISP ridge waveguide. This heterostructure is
nominally identical to that presented in Section 2.2, and as sucsimilar operating

characteristics are expected. During operation, the QCL was cooled using a contindous
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flow L-He cryostat to a temperature of 20 + 0.01 K and maintained using a (Lake Shore
335) temperature controller. An Arroyo current source was usedd drive the laser with
a DC current of 420 mA during singldrequency use and between a range of 45650 mA
during swept-frequency operation, as seen in Chapter 3. During singfeequency

imaging, the QCL voltage was 6.4 V and the emitted power wa®.5 mw.

The QCL emission was focused to the tip of a vertically aligned Rocky MountainliPt
AFM tip at an angle of 54°to the surface normal. The tip had length 80 um and apex
diameterx 20 nm and was operated in tapping mode at a frequency of 80 kHz.A
portion of the radiation scattered by the probe was coupled back along the optical path
and reinjected into the laser cavity, invoking the SM effect. The theory of SM in a QCL
described in Section 2.3 and 2.4 are based on reflection from a reflectivegat. For this
application of SM in a QCL, the theory still applies but the reflective target is replaced by
a scattering source. This scheme, in turn, causes the reinjected signal to be far weaker,

which requires the use of amplification of thew signal by a factor of 5 x 18

To identify the w signal, the QCL terminal voltage was demodulated at harmonics of
the tapping frequency and amplified by a factor of 5 103 using an aecoupled low-
noise voltage amplifier. The ability tasolate the \kusignal by using harmonics of the tip

tapping frequency is explored in Section 2.5.2

N

HWP

QCL

Figure 2.177 THzs-SNOM system schematic in which the QCL output is focused onto the

4

N
4
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tip of the AFM probe, oscillating at frequency, and a portion 6 the scattered radiation

is reinjected into the QCL cavity. The QCL is driven by a laser driver and the QCL terminal
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voltage is amplified by the lomoise preamplifier (LNP) before being demodulated by the
lock-in amplifier (LIA) at harmonics of . The falf-wave plate (HWP) is used to adjust the

polarisation of the THz beam. Adapted froph0].

2.5.1 ssSNOM system alignment

This section will give a brief overview of the sSSNOM alignment process. The SNOM
system described above focuses the THz beam to the area of the tip using an internal
mirror controllable in x, y and z directions. Alignmenbf the THz beam is manually done
by the user by moving the mirror and monitoring the amplitude and phase of the THz
signal. This process not only involves alignment of the beam but also a series of checks

and calibrations that are required before imagingan begin. These are as follows.

1. Replace the AFM probe tip if needed.

2. Perform a full frequency sweep of tip tuning spectrum.

3. ldentify the tip resonance frequency and choose appropriate tip tapping
frequency (usually 80 % of the value of ).

4. Load the sample and position it substantially underneath the tip using the
piezoelectric stage.

5. Bring the tip into contact with the sample surface.

6. Adjust the focussing mirror alignment until a suitable signal amplitude and

stable phase has been achieved.

Once all steps have been completedhd system is ready to performmaging. Examples
of THz images using the-SNOM system are presented later in this Chaptend in the

remainder of this thesis.

2.5.2 Approach curves as a function of demodulation harmonic

One problem with the THzs-SNOM method is the low signal to noise ratio (SNR) as a

result of poor scattering efficiency of the probe tip at THz frequency. Thiarises from

the fact that the QCL output wavelength s 104 times smaller than the tip diameter.

This renders the desired THz signal indistinguishable from unwanted background signal

arising from reflections from the tip shaft and surrounding areas. Toombat this, the tip

is kept sinusoidally oscillating above the target surface (tapping mode) at a frequency,

i ATT OA O1 AOGO 110 AO OEA OEDPBSO 1-hépwidel OAOT T
(LIA) can extract the desired signaJ147]. Additionally, demodulating the signal at high

harmonics of ¢ ¢ can help distinguish the signal arising from the neafield
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interaction between the probe tip and sample from the background signal arising from
unwanted reflections or scattering from the shaft of the tip. To understand the effect of
tip tapping amplitude and harmonic demodulationé on background noise suppression,

the following characterisations were performed.

A series of measurements knownas @A DD OT AAE A OO O Addemodsttede D A O Al (
how demodulating the SM signal at different harmoics of the tip tapping frequency and

using different tapping amplitudes affects signal purity. This procedure involves a

monitoring of @ whilst the probe is brought in close contact with the surface, over a

distance of several hundred nm in the irection, using a highprecision piezo stage,

until reaching a predetermined heightQ thus acquiring a description of the vertical

dependence of the scattered neafield signal [101]. The value ofQis usually chosen to

be the closest distance to the sample surface in which the tip is allowed to operate at a

specific tapping amplituded. Sinced is defined as the peako-peak oscillation distance
of the tip, the minimum "Qualue for a tip oscillating at amplitudeo is therefore — (Figure

2.18). The valueq is defined as the distance between the position of the tip at the
maximum of its oscillation amplitude in thezz-direction and the surface. Since the tip
TAOGAO AAOOAIT T U eDtheld OB kimApdsition Priesknt i Bigv@A2X19 and
2.20 are defined as the position at which the tapping amplitude decreases by 2 % due

to the presence of the surface.

Surface

Figure 2.187 Diagram of oscillating sSNOM probe tip where A is the petikpeak
oscillating amplitude of the tip and h is. For approach curve measurements, the tip begins

at a predetermined height above the surface and is brought into close contact with it along

the zdirection until & 0 nm. Exaggerated scale.
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To determine the effect of signal demodulation, approach curves faxr 400 nm were
measured for a range of harmonics of the demodulation frequency froln p to¢

U using a small tip with diameter 20 nm (Figure 2.19) and large tip with diameter
‘> 1 um (Figure 2.20). The¢ 1 data has been omitted from Figure 2.19 due to

scaling.

Vg, (MV)

Z (nm)

Figure 2.19z Approach curves for various demodulations of the tip tapping frequency

x 80 KHz. Tip tapping amplitud® 400 nm and tip size¢ 20 nm.
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Figure 2.20z Approach curves for various demodulations of the tip tapping frequency

x 80 KHz. Tip tapping amplitud® 400 nm andQ 200 nm and tip siz& 500 pm.

It is demonstrated in both Figures 2.19 and 2.20 that the signal amplitude is heavily
dependent ond. It can be seen for all cases that the signal amplitude decreases with
increasingq, in agreement with the dipole model of the sSNOM tip/sample interaction

presented in Chapter 1 Section 1.6. Additionally, it can be seen that, for lafggeéhe signal
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amplitude plateaus. This is due to a constant background signal arising from radiation

scattering directly from the probe tip edge and shaft.

It can also be seen from both Figures that at higher harmoniésat which the signal is
demodulated, the signal ampliide decreases. This applied to both the nedield
interaction and the background signal. In addition, the approach curves for higher

show a sharper drop off with increasingd. This arises from the— dependence in the

effective polarizability of the coupled tipsample system[13]. This dependence has
previously been theorised for small (0.5a) and large (5a) tip tapping amplitudes, where
OA8 EO OEA OdnkibdeiRd ds apolarisadble €pheke (Pighre 2.21).
Furthermore, it can be observed that for each value @fthe approach curves using the
large tip exhibit a consistently larger signal than those using the small tip. This is also in
agreement with the pont-dipole model, which predicts stronger scattering for larger
tips. Another tip sizedependent observation is the sharper dropoff in signal amplitude
of the approach curves for the smaller tip, which is in agreement witfi47], which states
that the signal amplitude dropoff occurs on a length scale that approxiately

corresponds to the tip radius.

2.5.3 Approach curves as a function of tapping amplitude

To mitigate the loss of signal amplitude when demodulating beyond the fundamental
harmonic, larger tip tapping amplitudes are commonly used. Figures 2.22 and22.
depicts the approach curves obtained using the THESNOM system described above,
for a range of tip tapping amplitudes, demodulated at theé 2 harmonic of the tapping

frequency ( * 80 KHz) using a small and large tip respectively.

As seen in Figues 2.19 and 2.20, it is further demonstrated in Figures 2.22 and 2.23 that
the signal amplitudes dropsoff asdincreases, in agreement with the dipole model, and
plateaus beyond a certain value. Furthermore, it can also be observed from both Figures
that a larger tapping amplitude resulsin a larger signal, and also the background signal,
present in each measurement, persists for longer for larger tapping amplitudes. This
effect is more prominent in Figure 2.23. Additionally, in concurrence with the poin
dipole model and the results of Section 2.5.2, the larger scattering efficiency provided by

the larger tip produces a greater signal amplitude.
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Figure 2.21z Fourier components of a tygample scattering crossection with minimum
tip-sample distancdor larger (5a) and small (0.5a) tip oscillation amplitude, where the

distance Z measured with respect to the tip radius a. Adapted f{t8j.

From the results presented in thisSection and in Section 2.5.1, it can be concluded that
several factors are to be taken into consideration to optimise the-SNOM imaging
criteria. It can be seen that demodulating theo  signal at higher harmonics of the tip
tapping frequency allows for better discrimination against background signals, but also
reduces the overall signal amplitude. The signal amplitude can be preserved by using a
larger tip tapping amplitude and/or larger tip size but both of these increase the amount
of backgroundsignal. Furthermore, it is also known and will be demonstrated in Section
2.5.3, that optical contrast and image resolution both decreases for larger tip tapping

amplitudes [147], as well as larger tip size.
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Figure 2.22z Approach curves for various tip tapping amplitudes, demodulated at the

¢ 2 harmonic of the tip tapping frequency* 80 KHz, using a small tip 20 nm.
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Figure 2.23z Approach curves for various tip tapping amplitudes, demodulated at the

¢ 2 harmonic of the tip tapping frequency* 80 KHz, using a large tip 500 um.

These conclusions suggest that a compromise between tip size, tapping amplitude and
the harmonic at which the signal is demodulated must be made in order to achieve an

optimum s-SNOM imaging criterion

2.5.4 s-SNOM resolution

To evaluate the spatial reolution of the THzs-SNOM system, several twdimensional
single-frequency images were taken of a resolution target. The target consisted of a
simple 50 nm thick gold pattern on a silicon substrate, manufactured via electrelpeam
lithography (EBL). The mcroscope resolution was determined from imagingne of the

gold/silicon boundaries of the pattern.
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To obtain a singlefrequency THz image, the QCL output beam is focused onto the
oscillating tip apex, which is brought into close confinement to the samp#irface. There,
the interaction between the tip and surface causes a nedield enhancement of the
scattering crosssection that is influenced by the local permittivity of the sample, as
described in Chapter 1 Section 1.6. By scanning the sample under ffrebe over a 2D
area of a sample and measuring this nedield enhancement, through lockin detection

of the QCL Wusignal, one can obtain an image in which the signal contrast relatesthe

sample material composition.

An example of a TH&-SNOM imageaken of a gold/silicon boundary can be seen in
Figure 2.24a, from which the resolution analysis of Figure 2.25 was derived. This image
was measured using a the same QCL used earlier in Section 2.5, which was operated in
CW mode and cooled to a temperater of 20+ 0.01 K using a EHe continuous flow
cryostat, which was maintained by a (Lake Shore 335) temperature controller. The p
polarised output of the QCL was obliquely incident on the 20 nm probe tip apex at an
angle ok 5490, The probe was operated fOADDET ¢ 11T AA A® 8AKHEOANOAT
and peakto-peak amplitude of 94 nm. The QCb signal was amplified by a factor of
0 5x108 by a preamp before being demodulated at 3. Figure 2.24 shows a 5 x fim
THz and AFM image comprising 120 x 3Qixels captured with the sSNOM with an

integration time of 150 ms per pixel.
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Figure 2.247 THzs-SNOM image of a gold/silicon boundary. (a) THz image. (b) AFM

image.

As stated previously the most commonly used model to describe the tip/sample

interaction is the pointdipole model [99], [148]. This model allows for an accurate
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description of the tip/sample interaction but is poor at reproducing features that can
appear at the edges of material boundaries, such as those used in the resolution
measurements presented herg149]. To better understand the neaffield response at a
material boundary, the tip geometry must be tken into consideration. Figure 2.25
illustrates the optical interaction between an illuminated sSNOM tip and
metal/dielectric edge for different tip positions. It can be seen that, as well as the
expected, strong neaifield response between the tip apexad the surface, position (b)
results in coupling of the tip shaft with the sample edge and position (c) results in a
displacement of the tip from the surface, leading to a reduction in coupling strength. This
behaviour gives rise to the anomalous features the optical response of the boundary,
as seen in Figure 2.25There are also other effects that can spuriously affect theSNOM
signal near material boundaries. For example, the thickness of the material at its
boundary can vary due to imperfections irthe sample fabrication process, which could
lead to these boundary features. Additionally, a reduction ic> signal amplitude at the
AT 601 AAou T &2/ A OAi I A AAT AA AAOOAA Au A

sample, as have been demonstrated [250].
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Figure 2.25z7 Edge imaging using a=SNOM showingarious tip positions (a)(d) with
respect to a dielectric edge {x. (e) line profile of SSNOM signal demodulated at thed?
harmonic (A). (a) signal arising from a coupling solely with the substrate. (b) enhanced
signal arising from a coupling betweethe tip apex and the substrate and the tip shaft

and the edge. (c) signal reduction as the tip is displaced from the substrate resulting in a
lower effective polarizability. (d) Coupling between the tip and the edge material surface.
Adapted from[14].



56

An exampk of these edge features can be seen in Figure 2.26, which showsihesignal
averaged in the ydirection for a 5 x 1pm THzs-SNOM image of a Au/Si boundary. In
this case, the image comprised 120 x 30 pixels and was demodulated at the 3

harmonic of the tip tapping frequency, and the amplitude of which was 154 nm

15 T T

10

Ave. VSM (mV)

0.5 15 2.5 35 45
X (pm)

Figure 2.26z THzs-SNOM image average in thedjrection showing surface features as a

result of tip-edge interaction.

The effects described here depend strongly on the tip geometry, material thickness/
topography and sharpness/shape of the edge régns, which can be affected by the
fabrication process. Therefore, to some extent, these features can be mitigated by careful
selection of the sample area, as well as choice of tip. These effects have been taken into

consideration for the following resolution analysis.

To determine the imaging resolution achieved in the image shown in Figure 2.24, tte
signal was averaged in the ylirection and an edge response function (ERF) described
by Equation 2.25 was fitted.

"Qw

Eo Qi¢ | 1¢cC ———— c& v

where "0, 0, @ and U are fitting parameters associated with various dimensions of the
curve, andQiw is an error function described by,

S
VIT

Qiw Q Qo & o
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Figure 2.27z Edgeresponse function applied to the THESNOM image of Figure 2.24
averaged in the Mlirection. Bluez measured data, re¢ ERF fit, dotted black positons
of the 20% (black) and 80% (pink) criteria points from which a resolution of 50 nm was

determined.

The criteria by which the resolution of the image is calculated is defined by the distance
between the 20 % and 80 % height values of the fitted curve, as depicted in Figure 2.27.

Using this criteria, a resolution of 50 nm was determined.

It was explainedin Section 2.5.2 that signal amplitude but also the background signal
both increase for larger tip tapping amplitudes. To investigate the effect of tip tapping
amplitude on imaging resolution, the analysis above was repeated for a range of tapping
amplitudesbetween 25z 125 nm. Figure 2.2&8lisplays the resolutions obtained through
ERF analysis of THz images of the same Au/Si boundary acquired using this range of
tapping amplitudes. From Figure 2.28, it can be seen that theSNOM resolution is
heavily dependent on tip tapping amplitude, which agrees with observations reported
in the literature [147], [151]. This dependence is explained if151] by imagining a non
vertically oscillating tip measuring the nearfield, non-demodulated signal from a gold
disk on a silicon surface, from a fixed height. Were the tip to increase its height above the
surface, the spatial resolution would worsen and, thus, the FWHM of the disk would
increase. Demodulation of the scattered signal from an dflating tip can be thought of

as a weighted average of images of the disk taken at different heights. Smaller oscillation
amplitudes correspond to averaging over lower tip positions and therefore smaller
FWHMs.



58

Furthermore, it can be seen that by using amall enough amplitude 6* 25 nm), a
resolution of 29 nm can be achieved. This corresponds to a swavelength resolution
of _¥3000, which is the highest reported to date for a THg&-SNOM using a THz QCL.
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Figure 2.28 THzs-SNOM spatial resolution wh tapping amplitude using a small tip<(

20 nm) apex diameter.

As discussed in Section 2.5.3, it can be advantageous to use a large tip to perfaBNOM
measurements, as it can be used to increase the signal amplitude. It is also understood
that imaging resolution is dependent on the size of the tip apeX152]. This was
investigated by repeating the above analysis using a tip with a larger apex diameter.
Figure 2.29 displays the spatial resolutions, calculated using the same ERF analysis as
that shown in Figure 2.27, for images taken over a 5@ 150 nm range of tapping
amplitudes using a 500 um tip. Here the same trend as shown in Figure 2.28 is observed,
although as expected the use of a larger tip yielded far larger spatial resolutions for each

of the tapping amplitudes in the range previously used.
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Figure 2.29z THzs-SNOM spatial resolution with tapping amplitude using a large tp (

1 pm) apex diameter
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2.6 Summary

This chapter has communicated an introduction into THz QCLs and has described the
measurement approach/apparatus for measuring the LIV relationship and emission
spectra of a QCL. Both the spectral behaviour and the LIV characteristics ob&drfrom

an exemplar QCL were presented (Section 2.2), from which parameters such as the laser
threshold current density 0 , maximum operating temperature 'Y  and peak

operating power0  were determined.

The theory and experimental realisation of operating a QCL under optical feedback has
also been presented (Section 2.3 and 2.4), including two implem&tions of
interferometric fringe generation via SM. The two methods involve applying a frequency
sweep through a modulation of the QCL driving current and mechanically extending the
external cavity length. Therein a new approach for measuring frequencyning with a
high resolution based on SM was demonstrated, from which the tuning coefficient of the
QCL characterised in Section 2.2 was determined (Section 2.Bhese analyses yielded a
tuning coefficient in the range 0f3.297-4.09 MH/mA for the QCL perated in CW mode
and at 20+ 0.01 K.

Experimentally obtained interferometric fringes, generated via mechanical extension of
the optical beam path, have been evaluated using the LakKgbayashi model, to extract
SM parameters such as the feedback paramet@, linewidth enhancement factor and
interferometric fringe amplitude { . By performing this analysis for various driving
currents of the QCL, the currentdependence of these parameters has been explored
(Section 2.4). Knowledge of this behaviour is iportant for applications such as that
demonstrated in Chapter 3, where the frequency tuning of a QCL under optical feedback

is used in a coherent imaging system.

The characterisation of a THz frequency, scatterintype scanning neasfield optical
microscope has also been undertaken (Section 2.5). This has included a demonstration
of background signal reduction through demodulating at harmonics of the tip tapping
frequency beyond the fundamental, wherein approach curves using small and large
diameter tips have further revealed the effects of both harmonic demodulation, tip
tapping amplitude and tip size on thew signal and background signal amplitude.
Additionally, the spatial resolution of the microscope has been determined via boundary
measurementsof a simple goldon-silicon structure, which have demonstrated that a
OAOT 1 O0ETT TAE£ ¢cw 11 EAO AAAT AAdvéhadledns

4 EEO
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further evaluated, as well as a discussion of unwanted image features as a result of tip

edge couplirg, an example of which has been experimentally captured.

Following these characterisations, this QCL THeSNOM can now be used to investigate
the optical properties of microstructures such as topological insulators (Chapter 4) and
THz waveguides (Chapte5).
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Chapter 3

Coherent stepped -frequency
THz-s-SNOM

3.1 Introduction

In this Chapter, a novel steppedrequency system will be fully explored including
descriptions of how coherent measurements can be performed using a TH4SNOM by
exploiting the frequency tuning of a QCL, as seen in Section 2.3, enabling both the
magnitude and phase of the scattered field to be resolved. Furthermore, the hardware to
enable, and LabVIEW control VI to manage, the image acquisition is described. This
system is in contrast to previous coherent measurement techniques, such as that
presented in[15], as the primary improvement is that only a single scan of a sample is
neededto obtain coherent imaging data. Section 3.2 presents a characterisation of the
measurement system including an investigation into the optimal operation speed, the

system resolution and methodology used to perform image data acquisition.

The use of this gstem is demonstrated, in conjunction with a generalised phase
stepping algorithm (GPSA), to coherently measure in the fdield (Section 3.4) and near
field, specifically the outof-plane field supported by a dipole resonator structure in 1
and 2 dimensims using only a small number of sampling points, the published results of
which can be seen in Section 3.5. A characterisation of the GPSA is also included in
Section 3.3, with regards to the errors associated with the extraction of magnitude and
phase inbrmation, from interferometric fringes generated via LFI, for a variety of

measurement criteria and combinations thereof.
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3.2 System/approach overview

To perform coherent THz measurements, a stepped frequency system employing a 3.45
THz QCL and the THs-SNOM system described in Chapter 2 was developed. To extract
magnitude and phase information of the scattered THz signal, and thereby characterise
the optical response of a target in the THz region, interferometric fringes are generated

via laser feedbak interferometry (LFI).

As described in Chapter 2 Section 2.3, the generation of interferometric fringes can be
achieved by either mechanical extension of the beam path or modulation of the laser
emission frequency. The method described here, which usehe latter, exploits the
frequency tuning of a QCL with driving current to subject a target to a range (sweep) of
emission frequencies afforded by a sequential stepping of the laser driving current, the
resulting fringes of which can then be realised ithe selfmixing voltagew , as seen in
Figure 3.1. It was seen in Chapter 2 Section 2.3 that a modulation to the laser frequency
can be performed in a continuous manner with the use of a sawoth current
modulation (sweptfrequency. However, due to the need to demodulatéy at the tip
tapping frequency , the sSNOM approach requires a sequentiateppingof the lasing

frequency instead.

Briefly, the coherent imaging system comprises a THESNOM based on a commercial s
SNOM/AFM platform (neaSNOM, neaspec Gmbéthploying a 3.45 THz QCL driven by
an Arroyo current driver, a low-noise preamplifier, a Zurich Instruments HF2LI 50 MHz
lock-in amplifier and a LabVIEW control VI. To ensure a low value of the feedback
parameter 0 (described further in Section 3.2.1), ad therefore encourage the
generation of sinusoidal fringes (necessary for applying a fitting model), a neneflective
attenuating material is placed in the laser beam path at the cost of thé signal
magnitude. For the THz-SNOM measurements desibed further in this chapter, the
QCL was cooled using a continuotffow L-He cryostat that was maintained at a heat sink
temperature of 20+ 0.01 K. The average emission power was 1 mW, and illuminated
a vertically aligned Rocky Mountain RIr s-SNOM ip with a minimum diameter ofx 20
nm and length ofx 80 um, at an angle of 540 relative to the surface normal. The
incident radiation was p-polarised, so that there was an ifplane and outof-plane

component of the incident field parallel to the tip shé.

As was the case in Chapter 2, the setfixing signal is derived from the QCL terminal

voltage. Since the scattered field from the tip is very small irSNOM, it is necessary to
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amplify @ using a preamplifier. Typically, the gain used here anthroughout isx 5 x
108

To lockto the @ signal, the AFM tip of the sSNOM is modulated at a frequency* 60

Z 80 KHz harmonics of which are used as the reference frequency for the loak
Whereas, previously described in Chapter 2 Section®.the lockin used to extractw

was internal to the neaspec system, in this Chapter it is necessary to use an externaldock
in (mentioned above) to allow control over the recording and saving of the» as the

current is stepped.

As descrbed in Section 2.5, whilst suppression of background signals improves at
higher harmonics of , the signal amplitude becomes weaker. It is therefore important
to select an appropriate demodulation frequency that provides a good compromise
between both of these effects, especially when the amplitude has been artificially
reduced by the attenuating material. In these experiments, th® valuesare commonly

measured at a reference frequency of eitherrgor 3m 8

To perform a steppedfrequency measuremen at a single position of a target (single

pixel), the laser current driver is set to a predetermined starting valuéd . There is set

delay time "Y commonlyx 10 ms, to allow for temperature stabilisation of the QCL.

Following that there is a secondary delayY which is usually set to be a multiple of the

lock-in time constant”Y and therefore determines the number of'Y that are waited

before eachc value acquisition, to allow for the lockE T OE C1T Alinth®¢orredOA OO A
value following each change in current. After these delays, single value of the QCL

terminal voltage is then acquired from the lockin amplifier and stored in a 1D array.

‘O is then increased by a predetermined incremerit ;@llowing which is the delays

and further @ signal acquisition. This is repeated until the driving current reache®© |

at which time the finalw value is recorded and the current driver is returned t6O

At the begiming of each experiment, to determine appropriate ofO and™O , a
preliminary single-pixel set of steppedfrequency interferometric fringes is acquired
over a current range of approximately 200mA (Figure 3.1). From this set, the cume
values corresponding to the consecutive peaks of a suitable fringe are chosen@s
andO
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Figure 3.1z A set of THz selhixing interferometric fringes generated via a swept
frequency measurement with a current sweep of 200rAis measurement was performed
using the THz-SNOM system in conjunction with the hardware and control system
described in this Chapter. Additionally show is a bounded area corresponding to a single
fringe with example O and’O values. The lochn reference signal for this

measurement was demodulated at 3

From these values, the current steép ‘€an be determinedirom,| 'O ————where 0

is the number of sampling points per pixel, the significancefovhich will be further

investigated in Section 3.3.1

To perform a series of steppedrequency measurements over a 1D line on a target, the
coordinates of the first pixel to be measured are determined as well as the distance over
which the measurement wil be made. The acquisition ofb at each of the pixels is
controlled by the LabVIEW VI which monitors the line and pixel clocks of the SNOM.
These clocks measure the movement of the AFM tip along thaxis (pixel clock) and y
axis (line clock) of the sample. Prior to initiatig the movement of the sSSNOM tip to the
first pixel, the LabVIEW VI is run to anticipate the triggering of the pixel clock at the said
pixel, followed by acquisition of thel & values. Figure 3.2 depicts the process by which
the system performs alD measurement. To perform a 2D scan, this 1D process is

repeated for every triggering of the line clock.
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Figure 3.2z A flow chart depicting the process by which the FTBEEBNOM system captures
a 1D steppedrequency image. This diagram specifically paiis to the operation of the

LabVIEW virtual instrument that is used to control the measurement apparatus.

3.2.1 LabVIEW and hardware

The LabVIEW control VI comprises several sub Vis (Figure 3.3), each of which
sequentially perform the tasks described n Figure 3.2. Among them includes:
initialisation and addressing of the data acquisition system hardware; monitoring of the
line and pixel clocks; triggering the synchronisation of stepping the QCL current
controlled by an Arroyo current driver; w data recording via a Zurich Instruments fast

detection lock-in amplifier; saving ofw values; and deactivation of the program.

3.2.2 Data acquisition program speed

To characterise the limitations of the acquisition rate of the data acquisitionystem, a
simple 10 x 10 pixel singlefrequency image of a simple golan-silicon structure was
taken using THzs-SNOM, whilst the LabVIEW data acquisition VI recorded odoe value
per pixel. Following the measurement, the number of pixels that therpgram failed to

acquire were counted.

For the system to capture allb of the w values per pixel, the scanning tim&Yy
defined as the time period over which the sSNOM AFM tip remains on each pixel, must
be greater than the total timethat it takes the acquisition program to acquire eaclw
value, format the data and save it to a-flimensional array. If"Y  is too small, then the
program will still be measuring the @ data point when the next pixel clock occrs,
and will therefore miss the next pixel clock value and subsequently the next pixel of data.
In this sense, the results present in Figure 3.4 are characterising the fastest speed at

which the programme can acquire data.
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Figure 3.3z LabVIEW virtualinstrument block diagram for control of the data acquisition

system.
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This was repeated for a series of images using a range of scanning tiriés 507 300
ms. For each scan, the delay 2"Y, where”Y was set to 50 msFigure 3.4 shows how
the ability of the acquisition program to capture more of the image changes with the

scanning time of the sSSNOM.
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Figure 3.4z Number of unrecorded pixels vs microscope integration time for an image
captured with a TH2s-SNOM using the data acquisition system. The image in question was
a 10x10 pixel scan of a 15x2um geduh-silicon structure. The lockn reference signal for

these measurements was demodulated at 3

For a standard singlefrequency image, the sSNOM is operated in AFM mode. This type
of scan causes the-SNOM to only measure in one direction along the sample, and then
return along the same path to the beginning of a row before measuring the next.
However, the pixel clock remains counting during the return journey of the tip, and
therefore still triggers the recording ofw values by the acquisition program. For a 10
x 10 pixel scan there are therefore 200 pixels available for the program t@pture. The
pixels recorded during the return journey of the tip would usually be omitted from

images, however, they were included here for convenience.

It is evident by Figure 3.4 that the ability of the acquisition program to capture more of
the image data initially improves with increasing scanning time, but plateaus at
approximately 125 ms. This value can therefore be described as the fastest acquisition
time at which the program can be run, under these sampling conditions, that maximises
efficiency whilst not being unnecessarily slow. This is an important factor to consider

when performing multi-frequency imaging, as described in Section 3.3.

It can be seen from Figure 3.4 that even whely s large enough to give ample time

for the acquigtion program to capture the data of each pixel, it still fails to acquire 20
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pixels. This is due to an absence of the pixel clock for the last pixel of each row and,
therefore, results in the last pixel of each row being omitted from the image. Were the

program to be improved upon, this feature is something that could be considered.

3.2.3 Data acquisition program resolution

To further assess the timing variables of the data acquisition program, the relationship
between the lockin time constant Y and delay "Y is investigated. To do this, the
resolution of the imaging system was evaluated for a range of different values of
accordingto”Y €"Y,where¢ 0.5z3 and”Y was kept at a constant value of 100 ms.

For these measurements, the-SNOM scanning time was maintained & Y.

The resolution of the system was determined in a manner similar to that seen in Chapter
2 Section 2.5A high resolution image of a Au/Si boundary was acquired by theSNOM,
with dimensions 100 nm x 400 nm and a pixel size of 10 nm, whilst the acquisition
program recorded onew value per pixel. As explained in Chapter 2 Section 2.5, the
resolution of a THzs-SNOM image is dependent on the size of the AFM tip atiek
magnitude at which it is tapped during a scan. Therefore, to achieve a high resolution
with this system, each measurement was performed using a small AFM tip with radius
20 nm, which was operated at a tapping amplitude of 200 nm. The collected data was
processed into a 2D fieldmap, an example of which is shown in Figure 3.5. An edge
response function, described by Equation 2.25, was then calculated as shown in Figure
3.6. As described previously, using this model the resolution is determined by the
distance between the 20% and 80% height positions on the width of the boundary
region. Figure 3.7 plots these values for images taken over a range ¥fvalues. This
analysis was performed for a series of images of the same Au/Si boundary, for each value
of Y.
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51006 [ | 0.03
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Figure 3.5z Single frequency TH&SNOM image of a Au/Si boundary captured using the
data acquisition system described above. The colour bar represents the magnitude of the
@ (mV). This image was captured with a microscope integratitme of 300ms and the

@ signal was demodulated at the third harmonic of the tapping frequency.
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Figure 3.6z ERF according to Equation 2.25 (red) fitted to a plot of the normalised
signal of Figure 3.5 averaged in thedrection (blue). The width of the curve is highlighted
(black dashed) on which is the 20% (black) and 80% (pink) width markers.
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Figure 3.77 sSNOM resolution for variougalues of Y. Each data point has been extracted
from the ERF edge response functionadysis, an example of which can be seen in Figure
3.6.

It can be seen that the resolution achieved by the acquisition program for arSNOM
integration time of 50ms (n=1) is counterintuitively high compare to that achieved for
longer integration times. This result is believed to be an irregularity as the results of that
seen in Figure 3.4 suggest that when operated at an integration time of 50 ms the

acquisition program fails to capture most of the image. It is therefore assumed that the
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results of the edye response function when applied to such a poor quality image are

unreliable.

By omitting this anomaly, it can be seen that the resolution of the system improves‘as
becomes larger with respect td'Y . This is because, TfY is too short,then the lockin does
not have enough time to settle of a newb value. In this case, the signal value at the
current pixel will be affected by the signal value at the previous pixel, which manifests

as a degradation of resolution.

From the analy®s presented in Section 3.2.2 and 3.2.3, it can be concluded that a
compromise is to be made between the values oY , Y and”Y.”Y  must be
adequately long, for a given value &t, to allow for the acquisition of thew data from

each pixel and’Y must be sufficiently greater tha’y 0T AT OOOA OEAO OEAOA
of the data between pixels. However, these values must be small enough so to not result

in an unnecessarily long total measurementine, which becomes an important factor to

consider for greatert values taken over a large pixel area, as shown in Section 3.5.

To this end, the measurements presented in the remainder of this Chapter use values of
"Y 2"Y,where"Y isusually set to be 200 ms andY is adjusted depending on the)

value.

3.3 Stepped-frequency imaging using a

generalised phase -stepping algorithm

One limitation of LFI in both far and nearfield implementations stems from the need to
acquire full interferometric signals for reliable extraction of amplitude and phase
information from a target. This is most commonly achieved by mechanical extension of
the optical beam path[75], [153], which results in slow data acquisitionAlternatively,
interferometric fringes can be acquired by fast electronic modulation of the laser
emission frequency[73], [126]. However, modulation rates may then be restricted by
the available sampling and signal processing bandwidtfj154]. These issues are
compounded further by the challenge of detecting a typically small SM voltage
perturbation superimposed on a large quiescent signal, which demands long integration
times to achieve high signato-noise ratios. This is particularly applicable in THz-
SNOM in which the scattering efficiently of the nanometric probe scales approximately

asx 1-4and is therefore extremely low at THz frequencies. One means to address these

E
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challenges that has been implemented for phasghifting interferometry at visible and
near-infrared wavelengths [155], enabling applications including digital holography
[156], [157] and optical coherence tomography158], [159], is through reduced optical
sampling of the interferometric signals. However the adoption of this approach in LFl is
non-trivial owing to the non-sinusoidal nature of the interferometric signals, which are
dependent on the strength of optical feedback as well as operating parameters of the

laser.

This section refers to work undertaken to produce an improved method of cohent
sensing through the use of a generalised phasgepping algorithm (GPSA) to extract
magnitude and phase data from interferometric fringes acquired by laser feedback

interferometry (LFI).

The following will include a characterisation of the GPSA usimgmulated data and its
applicability under different levels of optical feedback, lasing parameters and sampling
conditions. Additionally, the steppedfrequency interferometric fringe generation
system, based on that discussed in Section 3.2, will be demtmased in the far-field and
near-field regime. Its use in conjunction with the GPSA will bghown to enable coherent
imaging of the out-of-plane field supported by an individual microresonator at THz
frequencies, in 1 and 2 dimensions. Furthermore, it Wibe demonstrated how fully
coherent sensing can be reliably achieved with as little as 4 sampling points per imaging
pixel, opening up opportunities for fast coherent sensing not only at THz frequencies but

across the visible and infrared spectrum.

3.3.1 Characterisation of the GPSA

In reiteration of Chapter 2 Section 2.3, a modification to the laser carrier population that
is responsible for the w signal in a QCL under optical feedback also induces a
perturbation to the laser frequency’. Thi effect is encapsulated through the
transcendental excess phase equatiqicquation 2.3), which relates the roundtrip phase
under feedback%o. to the phase calculated for the unperturbed frequency of the solitary

laser’ .

%Oﬁ _a’) O—Eﬁ)

As a result the shape and form of the interferometric fringes described by Equation 2.21
are inherently dependent on the strength of optical feedback, quantified by the feedback
parameter 0, as well as the linewidth enhancement factor ohe laseri . Nevertheless, in

the limit of weak feedback ¢ 1) the perturbed laser frequency is approximately equal
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to that of the solitary laser, ' , such that%. %o . In this casghe SM voltage signal

closely follows a cosinusoidal dpendence orop, as,
W T AT By %o o}

in which %depresents the phase response of the target. Crucially, under these conditions,
the interferometric fringes encoded within the SM voltage can be reduced to a close
approximation by a series of discrete voltage measurements , where'Q o 0

p , taken at0 3 arbitrary but known phase points %05, %o equally spaced over a
single interferometric fringe. Estimates of the truemagnitude! and phase%.may then
be extracted from the 0 voltage measurements by applying a generalised phase
stepping algorithm (GPSAbased on a leassquares regression. This algorithm has been
adopted previously for phaseshifting interferometry at visible/infrared wavelengths
[155].

The GPSA models the sefhixing voltage signal as a series af discrete voltages6

measured at phase point$, where'Q mp8 0 p, according to,
6 5 O 1 AT® % & OAI% o&OBEd o
in which & is a constant voltage offsety | AT%,and® | OB .

To solve forcd, @ and according to the leastsquares method we use the matrix

eguation

=" i:i§§=|= ‘H‘A - o8

where,
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and,
o N
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11 1l
11 L
'H'_‘ o 1w R A | % o
11 1l
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o 0BG
u U

If =is not ill-conditioned, then we obtain,

+ = "t o8

The magnitudef and phase%. of the w signal can then be obtained from the

relations
f W o8
and,
% OA Té oP T
00 (I)

As will be shown, the accuracy df and %o extracted through this approach depends
not only on the chosen valu®f 0 but also the phase response of the target itself, as well
as the feedback parameterd and linewidth enhancement factor| , both of which

influence the shape of the interferometric fringes encoded in the laser voltage.

Figure 3.8a illustrates the pecentage error in the fringemagnitude extracted using the
GPSA, according to Equation 3.1in the limit 0 © H when applied to a numerically
synthesised SM voltage signal described tguation 2.8 for varying combinations ofo

and| .

Q —— opnm oP p

Figure 3.8b similarly shows the absolute error in determination of the target phase,

Q %0 %0 o q
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To generate the data in Figures 3.8, & signal was synthesised for a particular
combination of 8 and| with a magnitude and phase chosen to Be 1 mV and%. O

rad using Equation 1.4. This is done for a large M (00,000) phase points equally

spaced over 1 fringe a%o ¢* ——. The matricesd %. and® %o are then calculated

from Equations 35 and 3.7 respectively, following which, the vectotis determined
from Equation 3.8. Usingy the value§ and%. are calculated from Equations 3.9 and
3.10 respectively and finally the errorsQ and'Q can be obtained from Equatins 3.11
and 3.12. This process was repeated for combinations 6fand| for rangesé 0z1

and| -2 2, as show in Figure 3.8.

In this limit of large 0 both 'Q and’'Q depend solely on the parameter® and| ; these
error values represent the fundamental limits of the GPSAapproach imposed by the
deviation of w from a purely cosinusoidal function. As expected, for extremely weak
feedback @ 0.1), for which @ closely approximates a cosinusoidal dependence
on %o, ,the errors are small with'Q  0.4% andQ  0.08°. Even withd 0.5, which is
typical for many LFI systems employing THz QCLQ, remains below 10% andQ below
2° according to Figure 3.8, which may be considered acceptable for many applicato
Indeed, the phase noise associated with frequency instability due to thermal drift of the
laser source can often exceed this vallié5], [126]. For stronger feedback with 0.5

0 1, however, theGPSAberforms poorly with ‘Q exceeding 30% in cases although with

‘Q still remaining below 9°.

A major benefit of this approach for determiningmagnitude and phase parameters in
LFI is that, under weak levels of feedback, ttePSAemains robust even for small values
of 0. Outside the limit of large(, however, themagnitude and phase errors are also
dependent on the phase response of the targédb Equivalently this dependence can be
viewed as originating from the choice ofphase points%. (and hence the choice of
%o, %o ) at which the @ signal is sampled, which becomes more critical as the
signal departs further from a cosinusoidal dependence o%o, . This effect is illustrated
in Figure 3.9, whic shows an exemplar synthesised signal along with three possible
sets of %o, each with differing values of%. , for the casel 4. Also shown are the
corresponding functions® 1 AT %y % determined by apdying the GPSA
approach described abovdo each of these sets, revealing the variation in the extracted

values of and %o .
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Figure 3.8z (a) Percentage error in the extracted amplitude and (b) absolute error in the
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extracted phase of LFI iinges, extracted using the GDRA in the liti® Hs, shown as a

function of feedback parameted and linewidth enhancement factor of the laser.

This variation inf  and%o. is further illustrated in Figures 3.10a and 3.10b, which show
typical examples of how the error valuesQ and'Q vary with the phase response of the
target % for the case in whicho is arbitrarily fixed with %o ¢“ & Bothf and %o
(and hence’Q and'Q ) are seen to vary with a peiodicity ¢“j 0 and with a magnitude
that decreases significantly with increasingd. The former of these observations is
particularly relevant to the typical experimental situation in which the value of%c(and
therefore %o %o ) is not known. To capture this effect quantitatively, themaximum
magnitude error (Equation 3.13), andmaximumphase error (Equation 3.14) that can be

attained within the range%. T1©° ¢“ respectively, are defined as,



76

Qp, I A@Ds op o

Qr i A oP T

In the case for Figure 3.10Q; is determined to be 6.6 % (shown by the dotted line)
andQy is determinedto be 1.Pfor 0 4. With a larger value ofy 8, these values

decrease toQp =3.38 % andQ 0.0110.

Figure 3.11a shows how the value 0f;  varies with the number of measurement
points 0, for different levels of feedback and assuming 0. The variation ofQ s
similarly shown in Figure 3.11b. As expected, in the limit ohtge 0 the values ofQy,
and'Qy tend towards those reported in Figures 3.8a and 3.8b. Crucially, however, it
can be seen that for extremely weak feedback ( 0.1) small maximum error values are
achieved for all values o) 3;inthe cag0 0.1,Qg remains less than 1% and
‘Qr below 1° even down to0 4. Moreover,Q remains below 1° for alld 1

with 0 8.
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Figure 3.9z Synthesised LFI signal with 0.5, 0.5, amplitudd 1 and phasé6 O
(black dashedine) along with the SM voltages  sampled in three exemplar sets of

T equally spaced phase poinfor, %o (with 'Q 1O 0 with %o ¢* a T (blue
circles), ¢ a “j @ (red circles) and¢” a “j o (green circles). Also showftoloured
solid lines) are the corresponding functions | @§& %o, %o plotted using the

values of and%. determined from the GDRA applied to each sebaf



77

0 0.5 1 1.5 2
olmr
Figure 3.1(z (a) Variation of the ampliude error as a function of the phase response of the
target, %o for exemplar cases in whiadh 1 (top panel) and0 (bottom panel). The
corresponding maximum amplitude errors ar@ 6.6% and 3.38%, respectively, as
shown by the horizontal dshed lines. (b) Variation of the phase error for the sathes
(a). The corresponding maximum phase errors &s; 1.7° and 0.011°, respectively,

as shown by the horizontal dashed lines.
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Figure 3.11z (a) Variation of the maximum amplitde error with the number of
measurement points), for feedback parameter® 0.01 (black circles)9 0.1 (blue
circles),0 0.3 (red circles) and 1 (green circles). (b) Variation of the maximum phase

error for the same values d@f. The solid linesra intended only to aid visualisation.

Although small values of inthe rangex " 1 8 p 0.®ére typical for THz QCLs based
on a boundto-continuum active region design[64], [145], significantly larger values
have been reported[153], [160], [161] for active regions with phononassisted electron
injection such as that employed in this work. Such values pf are known to impose
notable asymmetry on the interferometric fringes observed in LEIwhich in turn results

in larger values of Q , particularly under stronger feedback. This behaviour is

illustrated in Figure 3.12b for the exemplar cas@® 0.3. As can be seen, even with an
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extreme value of 2, the maximum phase error remainsvithin x  1° of that reported
in Figure 3.11b for all feedback level® 0.3. At the same time the value & is

found to decreaseas the magnitude of increases, as shown in Figure 3.12a.

a

2 4 6 8 10 12 14 16
N

Figure 3.127 (a) Variation of the maximum amplitu@ error with the number of
measurement point® for| 0 (red circles), 1 (blue circles), 2 (black circles).

(b) Variation of the maximum phase error for the same values$ ofAll results are shown

for the exemplar case whet  0.3. The solid lias are intended only to aid visualisation.
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for reliably extracting both magnitude and phase parameters from typicato signals

acquired over a range of feedbaclkevels and linewidth enhancement factors. Moreover,

this approach remains robust even in the limit of small. Notably this is particularly

true in the case of extremely weak feedback, as may typically be encountered in T¢dz
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SNOM where the scattering étiency of the tip is extremely low. In such cases, where
commonly & 0.1[153], [161], [162], the analysis presented predicts thamagnitude
and phase errors far smaller than 1% and 1°, respectively, may be attainable with 4
(see Figures 3.11 and 3.12).

3.4 Far-field LFI using a GPSA

The applicability of the use of theGPSAfor determination of magnitude and phase
parameters in LFI was investigated initially using a fafield optical feedback system
(Figure 3.13) employing the QCL characterised in Chapter 2 Section 2.2. The 3.52 THz
QCL device was based on a 40n-thick bound-to-continuum active region
incorporating a phonon extraction/injection stage. The device was processed into a
semi-insulating surface plasmon ridgewaveguide with dimensions 1.8 mm x 155 um. A
grating with periodicity Q= 11.8 um was defined in the 156m-thick Au layer on top of
the ridge, consisting ofx 1.8-¢ [-wide regions with no metal and from which the 50

nm-thick n+ layer was removed to ensure that the surface plasma cannot be supported.

Cryostat

!
!
L

Current step

Figure 3.13z Expermental setup up for farfield frequency stepping LFI measurements.

The QCL was cooled in a continuotifow helium cryostat and was maintained at a heat

sink temperature of 20 K. Radiation from the QCL was collimated and focused using two
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identical F/2 parabolic mirrors onto a plane mirrored target. The beam was reflected
back along the same optical path and reinjected into the laser cavity, forming an external

cavity of length0 47 cm.

Interferometric data was acquired via the laser terminal voltage using aall-electronic
method of LFI that exploits the tunability of the QCL emission frequency with current
[124]. In this approach, the QCL frequency is tuned by a sequential stepping of the QCL
driving current over 0 equally spaced values in a manner similar to that described in
Section 3.2.

Specifically,in the case of arbitrary( , the interferometric signal is obtained from a series
of discrete voltage sampleso , whereQ 9 (0 p,takenatd 3 phase points
%o, %o equally spaced over a single interferometric fringe. In our caghis is achieved
through control of the emission frequency of the solitary (unperturbed) QCL, which

depends on the laser drive currentOaccording to the relationship,

’ ’ o 0O o v
xEAOA r EO OEcAeffifiddt@aA lisGhe énlisbidh freguency of the solitary
laser at a drive current’© . It follows from Equations 2.4 and 3.15 that equally spaced
phase points are generated for a series of driving currents given by,

Q¢

5T (0] o ¢

In Chapter 2 Section 2.3.1, continuous tuning of the laser frequency was presented in the
swept-frequency approach, described by Equation 2.6. Here, Equations 3.15 and 3.16 are
analogous to that approach but use discretrequency tuning instead of continuous. In

our experiment ‘O is chosen such that — , where & is an integer, andw

thereby attains a maximum value fofQ 0 when the phase response of the targéé O.

To genemte one interferometric fringe for the experimental arrangement described
above, the QCL driving current was stepped within the rang® 788 mAto™O

826 mA. Throughout its operation over this range, the QCL maintained lasing oniagie
longitudinal mode which was tuned by 319 MHz. At each driving current the QCL
terminal voltage w j was recorded via lockin detection afforded by mechanically

modulating the THz beam in the external cavity at a frequenc@2 x 100 Hz. The level
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of optical feedback was controlled using attenuators placed in the beam in the external

cavity.

Figure 3.14 shows an exemplar single fringe acquired with 94 measurement points,
measured at current values defined by Equation 3.16Also shavn is a fit to the L'K
model (Equation 2.21) from which the feedback parameted 0.24 and linewidth
enhancement factor 1.9 are determined.This fit also yields a magnitudé¢  2.91
mVandphasée " ¢8Wh xEEAE AOA OACAOAIReAtoichthed OET AOA

results of the GPSA analysis can be compared.

560 570 580 590
QCL Current (mA)

Figure 3.14 Seltmixing voltage measured as a function of laser driving current, showing
one exemplar interferometric fringe obtained by fdield LFI (blue circles)Also shown is a
fit to the L K model (Equation 2.21), in whidgh  2.91 mV andéo P806KS8

Using the data presented in Figure 3.14, multiple sets of discrete measurements,
W [ with'Q mO© 0 p, each with progressively reducing value ofi, can be
extracted. Smilarly to the situation depicted in Figure 3.9, within each setthere
furthermore exists multiple possible subsets of the) phase sampling points%., each
with differing values of %o i.e. with differing positions of the 0 points along the finge.
It should be noted these subsets are conceptionally equivalent to sets of measurements
acquired with a fixed value%o but varying values of % %o which may arise due to
variation in the phase response of the targe%. These subsetshereby reproduce the

typical experimental situation in which %ds not known in advance.
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To reiterate the process by which the magnitudé and phase %o, values were

determined, the w values were extracted from the data set at equallypaced phase

points % C“ —— %o . The matricesd % and %o are then calculated from

Equations 3.5 and 3.7 respectively, following which, the vectabis determined from

Equation 3.8. Usingy the value§ and%. are calculated from Equations 3.9 and 3.10.

This was repeated for each value 86 , the number of which will depend on the) used.

This process was then completed for each valug in the range 3 to 20, to produce the

results of Figure 3.15AI01 EECEI ECEOAA AOA xEAO AOA OACAO,
magnitudeand phase] and%OA ODAAOEOAT Uh AO AAOAOI ET AA AEOI

shown in Figure 3.14.

As can be seen, and in agreement with the analysis presented in Figures 3.9 ariD,
each subset of measurement® |, yield different values ofmagnitudef and phase¥%o ,
the range of which varies with0 . Furthermore, as0 increases this range converges on
values close to the true values and %o

Also evident inFigure 3.15 and as elucidated by Figure 3.8, is that the values determined
from the GPSA in the limit of large) deviate slightly fromt and %odue to the non
cosinusoidal nature of the fringes. This behaviour is summarised in Figure 3.16 which
display the maximum magnitude error and maximum phase error, respectively, for
given values ofb . HereQr andQy  have been estimated from the range of values
I and%. shown inFigure 3.15, and can be used as an indication of the acacy of the
GPSA when applied to the experimental LFI signals. Harge0 15 these errors found
experimentally converge on values ofQp, 5% and Q j 1.6° , which are
slightly larger than the values Qp 1 % and Qj, " 1 8 preticted for
synthesised LFI signals with the samé and| (see Figure 3.8)This discrepancy can be
explained due to the presence of voltage and frequency noise in the experimental LFI
signals, which arise primarily from laser driver current noise andhermal instability of
the QCL. Nevertheless, as can be seen, even with 4 the experimental errors remain
low (Qp 12% and Q j; 50), which may be considered suitable for many
experimental situations. Ultimately the choice oft adopted experimentally will be a

compromise between the required accuracy and data acquisition time.



84

3.5
d
E 28 98°§ 5
= 3t Bgeg 86088
c | gEE--—-——s—————
Q.
2.5 ‘ ‘ '
0 S 10 15 20
N
10
b
> 0f | |
E -
8
68_10. Z ]
e
-20 — - -
0 5 10 15 20

N
&ECOOA x8uw I apdibiphasdsCialted @efernined by applying the GPSA
to the data in Figure 3.14,fad ET  OEA OAT CHvalye ofp thede eXists@nultfplé A
possible subsets of phase sampling poinotsresponding todiffering positions of thed
points along the fringe, each of which yield a different pair and %. values. Also shown
i AT OOAA 1 ET Admes AfGnAgnitdde And Qrage @4 determined from the fit
shown in Figure 3.14.



85

20 - - -
a °
;\3 o
g 10 ¢ c o cee :
CIJ<£ ceoce? ® o000
0 1 1 1
0 5 10 15 20
N
R 20 b °
(@)}
)
=
¢ 10 T
@©
% e %o .
° ol | steetttteecey
0 5 10 15 20
N
Figure 3.16 (a) Maximum magnitude erroiQp, & ®w —— calculated from the

magnitude value$ determined from the GPSA (shavin Figure 3.15) and expressed as
a percentage error relative to thenagnitudef determined from the fit shown in Figure
3.14;(b) maximum phase errof j a O @Po  %g calculated from the phase values
%o determined from the GRS (shown in Figure 3.15) and thghase%.determined from

the fit shown in Figure 3.14.
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3.5 Near-field LFI using a GPSA

3.5.1 Characterisation of the GPSA for s-SNOM

The 3.45 THz QCL device used for THzSNOM consisted of a 4 [-thick GaAs/AlGas

9-well active region based on L&honon-assisted interminiband transitions, which was

processed into a seminsulating surface-plasmon ridge waveguide with dimensions of

p8y i p pum ti8 4i AAEEAOA | AOEM@gfinte A OET C
site photonic lattice was patterned through the top contact layers using focusedn

beam milling [124]. The lattice period was 13.2 um wh a 70% markspace ratio and a

central 8¢ [-wide phase defect.

The system used for coherent-SNOM is as described in Chapter 2 Section 2.5. Briefly,
p-polarised radiation from the QCL was focused to the vertically aligned tip of the s
SNOM system at an ajie ofx 540 relative to the surface normal and the length of the
external cavity formed between the tip and the QCL facet was 60 cm. The seH
mixing signal, arising from the field scattered from the <SNOM tip and reinjected to the
laser cavity, was derived from the QCL terminal voltage which was demodulated at
p"v EAOITTEAO 1 &£ OEAx GEz) aierbixELE @nplifeatidiN OAT A U
using an AGcoupled low-noise voltage amplifier.

In order to resolve both the magnitudé and phase%o of the field scattered from the
s-SNOM probe an interferometric fringe can be generated at the chosen sampling
position by stepping the laser driving current according to Equation 3.16, witlw
being recorded at each current. Priora each stepped frequency measurement, a single
set of interferometric fringes is generated by the imaging system to determine
appropriate ‘O and 'O values over which to perform the frequency step. This
measurement is usually performedollowing successful alignment of the sSSNOM system
and with the probe tip positioned on a sample that provides a relatively higlw
amplitude. An example of this can be seen in Figure 3.17, wherein a 450 mA&50 mA
current step was performed with] “O 0.5 mA increments.The sample measured by the
s-SNOM system to obtain the fringes displayed in Figure 3.17 was a simple gola

silicon structure.
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Figure 3.177 x- and ycomponent of the signal acquired by the loak for nearfield

frequency swep using the stepped frequency measurement system.

Before acquiring imaging data, it is important that the phase of the loeik is nulled, in
order for @ to be recovered from the xcomponent of the lockin signal. It can be seen
from Figure 3.17 hat the y-component of the signal has been successfully nulled and the

fringes can be resolved solely from the-komponent data.

To characterise the GPSA for nedield data acquisition, an exemplar singldringe
acquired via the stepped frequency techigue described above was captured using 87
measurement points and is displayed in Figure 3.18, for whictO 555 mA and
‘O 600 mA Also show is a fit to the EK model (Equation 2.21) from which the
parameters0 0.13 and| 0.95] 0.76 mV and%. 0.26 rad.

Following the same procedure as described previously the data in Figure 3.t&n be
used to estimate the maximum magnitude error and maximum phase error when
applying the GPSA to these experimentatSNOM signals. Figure 3.19 shows the results
of this analysis for values of 3 0  20. The errors associated with both of these
guantities follow similar trends to those observed in the case of fafield LFI signals
(Figure 3.16), with'Q; andQp  converging on values <1% and < respectively,
for large 0 16. However, despite the smaller value dj in the near-field case, larger
errors are generally observed compared to those reported for the fafield case. This is
primarily due to the significantly lower signalto-noise ratio common to THzs-SNOM
measurements, which arises from the weak scattering efficienayf the tip as well as
signal demodulation at higher harmonics of the tip modulation frequency. Nevertheless,

even for small0 4, moderate error valuesQ, * 9% andQp X 8° are attained,
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which are sufficiently low to enable reliable magnitude and phase extraction of near
field LFI signals usinghe GPSA.
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Figure 3.18 Selfmixing voltage obtained fromdemodulation of the laser voltage at the
¢ 3 harmonic of the tip tapping frequencymeasured as a function of laser driving
current (blue) fitted to which is the.-K model according to Equation 2.21 (red).

3.5.2 Near-field imaging using the GPSA

To demonstrate coherent nearfield imaging using LFI in conjunction with the GPSA, a
target consisting of a simple dipole antenna (DA) resonant structure was chosen. The
primary difference between this sample and the sample that was measured in the
Chapter 2 Setion 2.5, is that this structure has a resonance at the frequency of the QCL
used. This allows the oubf-plane surface field to be mapped, which can be seen in the
simulations results of Figure 3.20 and experimental image of Figure 3.21. This structure
cd i POEOAA Aunpgoldon-silicon antenna engineered to support a plasmonic
resonance at the frequency 3.43Hz. Figure 3.20a shows a spatial map of the oeaf-
plane field O measured 20 nm above the sample surface, obtained from finiedement
method (FEM) simulations of the DA structure when illuminated obliquely by a
polarized excitation beam with an inplane field component oriented along the long axis
of the antenna. Also shown in Figures 3.21b and c are the corresponding magnitude and
phase of the field. The field is strongly enhanceA O AT OE AT AO 1T £ OEA
radian phase difference between the two ends, which is characteristic of a dipolar
plasmonic mode being excited in the structure. These simulations were performed by Dr

Nikollao Sulollari and have been adapted frorfil5] .



89

15fq o ‘ ' :
< 4l d
£ o
q;f 5r ® ... ® 7

o
o
ot % %ee "%
10b , - .
O

S ®
()]
o o
és_ O .. 1
= ]
e ® o 00

O ' , . ...‘

0 5 10 15 20

N
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Figure 3.18.
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frequency 3.45 THz. Adapted froph5] .
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The dipole antenna resonator structure was fabricated using statard electron-beam
lithography on a high resistivity ( p 1 1T TtTamM) undoped silicon substrate with a
thickness 525 + 25 um. The thickness of the Ti/Au resonator was 2 nm/*x 100 nm, an
array of which were patterned across a 2 x 2 maregion of the substratewith a
periodicity of 13 um.

Initially, single-frequency THzs-SNOM images of the DA were acquired with a step size
of 200 nm, a tip tapping amplitude of 75 nm and an integration time of 200 ms. An
exemplar image can be seen in Figure 3.21 which shote dipole resonance across the
length of the DA, superimposed on which is a constant signal due to the dipole
interaction between the tip and the surface. This is described by Equations 3.17 and 3.18
below, where it is explained how this constant can baubtracted from the image in order

to better observe the signal corresponding to the oubf-plane field supported by the

structure under resonance.

3 5
€2
= 3
> 1

Figure 3.21 Terahertz image of the dipole antenna structure obtained by -BFBNOM, in
which the antennais obliquely illuminated with ppolarised radiation at a frequency 3.45
THz. The colour scale represents the sulking voltage derived from th& 2 harmonic
of the laser voltage, measured at a single laser driving curreftte signal comprises of
components capturing both thenear-field dipole interaction between tip and sample
surface, as well athe spatial distribution ofthe out-of-plane fied supported by the sample

under resonant excitation.

To demonstrate coherent neatfield imaging, a set of interferometric fringes with chosen
0 were acquired at each pixel during a single rastescan of the sample. By applying the
GPSA to the interferomeic data obtained at each pixel, oneor two-dimensional maps

of both magnitudel and phase%. of the scattered field were thereby obtained.

Onedimensional coherent measurements of the DA were performed initially by
scanning the structure paallel to its principal-axis, wherein at each pixel a set af

15 data points were acquired spanning one interferometric fringe. To perform these
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measurements, the TH&-SNOM and data acquisition system, characterised previously
in this chapter, was used Each 1D scan comprised the imaging of 40 pixels, with each
measured over a current sweep of 45 mA. Far 15, therefore, the required current

increment was] ‘O 3 mA.

As previously established, the speed at which the-SNOM can be efficiently run in
conjunction with the data acquisition system equates to an acquisition time of > 125 ms
per data point. It is also known that due to instrument limitations, the maximum
scanning time allowed by the sSSNOM software is 10 s. Since the scanning time is defih
as the period over which the microscope AFM tip remains on one pixel, and for this
imaging technique the system is required to record 15 data points per pixel, the loék
time constant Y, must be chosen to allow for accurate data acquisition without
exceeding the maximum scanning time permitted by the microscope. Furthermore, the
time over which a pixel measurement is performed is ultimately determined by the delay
"Y between each stepping of the QCL current, which is controlled by the LabVIEW
program and chosen to be long enough to allow for stabilisation of the QCL emission
frequency and reliable recording of the lockin values. With that understood, a lockn
time constant &Y 200 ms, stepping delay ofY 400 ms and microscope scanning
time of"Y 8 s was chosen. This enabled the system to coherently measure each pixel
within the period of 6 s, with the remaining 2 s giving the AFM tip enough time to e

to the subsequent pixel and return the driving current toO . This method culminated

in a 20 um coherent 1D scan with resolution 500 nm per pixel (Figure 3.23a) being

performed in under 5.5 minutes.

Four examples of thew imaging data acquired from single pixels within a 1D scan of
40 pixels across the length of the DA, acquired experimentally using the measurement
parameters described above, are presented in Figure 3.22. The 15 data points for
each pixel, corresponding to ondringe, are fitted to using the GPSA, from which the
fringe magnitudel and phase%. have been acquired. For each pixel, the current was
stepped in increments of “O 3 mA betweenO 550 mA andO 592 mA.
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Figure 3227 Examples of single pixeb data acquired for0 15 data points acquired
using the stepped frequency system (red) fitted to which is the GPSA (blu¢). (a)0.57
mV and%. -0.51 rad. (b)} 1.2 mV and%  0.43 rad. (c} 1 mV and%o
0.51 rad. (d} 1.1 mVandseo  0.39 rad.

It has been shown previously[15] that the selfmixing voltage signal in THzs-SNOM
comprises two signal components according to Equation 3.17. The first of these is
principally excited by p-polarised components of the incident THz field and captures
information about the local permittivity of the sample. In contrast the second component
is insensitive to the bulk material properties but captures the spatial distribution of both
the magnitudel and phaseX%o of the out-of-plane fieldO supported by the sample due
to resonant excitation by inplane components of the incident fieldBy exploiting its
spatial symmetry the former of these can be removed from the total measured signal,
thereby isolating the complex amplitudg Q  associated with the outof-plane field

for each pixel.

Thew signal recorded ateach position on the sample is given in complex notation by
[15],

W I Q I Q f Q Q oP X

from which it follows that

I Q I Q I Q o Y
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Here! and %o are the magnitude and phase, respectively, of the signal contribution
arising from the nearfield dipole interaction between illuminated tip and sample
surface. The parameters and%. are directly related to the magnitude and phase of the
out-of-plane field component,O, associated with resonant modes supported by the
sample.The field distribution associated with the plasmonic dipole mode excited in the
DA exhibits equal magnitude but opposite phase in opposite halves of the structure (i.e.
T 'Q is spatially asymmetric) and will therefore spatially average to zero. As such the
spatially constant tem] 'Q  can be readily estimated from the spatial average of the
signal recorded across all gold regions of the sample. Using Equation 3.18 this value can
then be subtracted from the measured signal Q to isolate themagnitudef and

phase%. for each pixel.

Figure 3.23a shows the magnitude, phase and real part of the complex amplitud&
obtained using the procedure described above. To generate this phase data, it was first
necessary to apfy a phase unwrapping process to the values 8. extracted from the
GPSA along the-direction. To experimentally confirm the limits of the GPSA, thes] 5h,

9t and 13" w values of each pixel were also extracted to form a nelv 4 data %t to
which the GPSA was applied. The results from this equivalent scan with 4 are shown

in Figure 3.23b.

Also plotted in these Figures are the corresponding values of the eaf-plane electric
field component ‘O associated with the plasmonic mod calculated from FEM
simulations (Figure 3.20).In calculating the simulated phase it is necessary to also
account for the phase retardation arising from the oblique illumination geometry, which
causes the phase of the excitation field to vary as the spaly-structured sample is
scanned within the beam. In our experimental geometry this phase retardatiod%ois

described by

2% 00 EF oP w
where wis the coordinate along the principal axis of the DA+is the incident angle of the
THz beam and_ is its wavelength.The varying of this positionatdependent phase also

contributes to theimage contrast seen in Figure 3.21.

It can be seen that the experimental measurements show good agreement with

theoretical expectations and furthermore there is little to no discrepancy between the
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Figure 3.23 Magnitude! , phas&%. and real part ' YQ Q of the out-of-plane field
component associated with the plasmonic dipole mode excited in the DA under resonant
excitation by THz radiation. Blue circles show measured values, obtained bysi$si¥OM

and applying the GPSwith (a) 0 15 and (b)0 4 measurements per pixel, plotted as a
function of position along the principal axis of the antenna. Also shown (red lines) are the

corresponding values derived from FEM simulations shown in Figure 3.20.

0 15and0 4 scans. ltican therefore be concluded thath 4 phase measurement

points is sufficient for this technique to capture magnitude and phase of the owutf-plane

field.
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By repeating this measurement procedure across several adjacent rows of pixels, a two
dimensional ccherent image of the DA was also acquired as shown in Figure 3.24, for the
case of 4. To perform these measurements a loek time constant of”Y 200 ms,
stepping delay of’Y 400 ms and microscope scanning time ¢fy 8 s was usd.
Each pixel was, therefore, measured within a 6 s period. Each 20 um scan across the
length of the DA comprised 40 pixels, therefore giving a pixel resolution of 500 nm. The
current was stepped over a rangéO 550 mA andO 592 mA with increments

off "0 10.5 mA. The total imaging time for this coherent twalimensional image was 33

minutes.

X (pm)

Figure 3.24 Two-dimensional images showing the (agal part ' YQ Q (a.u.) and

(b) phase%o (rads/“) of the out-of-plane field component supported by the DA, obtained
by THzs-SNOM and applying the GPSA with 4 measurements per pixel. The first and
last pixels of each row and column correspond to the substrate region of the sample. Both
images have been gerated by concatenating 1D scans taken at differenpgsitions on

the sample.
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As can be seen, these images reveal a clear signal contrast between opposite ends of the
DA, which is characteristic of the dipolar plasmonic resonance excited in the structure

and in excellent agreement with the simulations shown in Figure 3.20.

3.6 Summary

In this chapter, it has been demonstrated how coherent THz imaging can be achieved by
exploiting the frequency tuning of a THz QCL via laser feedback interferometry. The s
SNOM and laser control system used to perform these measurements has been fully
divulged including specifics of the LabVIEW virtual instrument that: monitors the line
and pixel clocks of the SSNOM, triggers the data acquisition of @ signal viaa fast
detection lock-in amplifier and saves said data to an array for post processing. To
characterise this scheme, the system data acquisition speed and resolution were
investigated by performing several singlefrequency measurements of simple gold
structures, to determine the optimum microscope scanning timé&Y , lockin time
constant 'Y and data acquisition delay’Yin order to operate the stepped frequency

system efficiently.

It has also been demonstrated how magnitude and phase information can be extracted
from interferometric fringes, acquired by LFI, through the use of a generalised phase
stepping algorithm. The applicability of this approach has been investigated
theoretically for different levels of optical feedback, different laser parameters, and for
different sampling conditions. A analysis of this approach has revealed how its accuracy
reduces for decreasingampling pointsU , as well as increasing feedback strength due to
the associated asymmetry induced in LFI signals. It has bee®termined that both
magnitude and phase values can be measured with sufficient accuracy oaewxide range

of weak feedback levels and linewidthenhancement factors typical to common

experimental situations, even down ta) 4.

This approach based on the GPSA has been validated experimentally, initially through
the analysis of \éw signals measured from a THdrequency QCL in a fafield LFI
geomdry. It has thereby been demonstrated that for an exemplar value of feedback
parameter 0  0.24, the magnitude and phase can be determined experimentally with
an inaccuracy of only < 12% and §°, respectively, with only0 4 measurement points,

but decreasing to < 5% and <0 for larger 0 .
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Using this technique, successful deeply stvavelength-resolution coherent imaging of
the out-of-plane field supported by a THz micreresonator under resonant excitation has
been demonstrated. A comparison between iages acquired using different) confirms

that 0 4 measurements per pixel is sufficient to extractmagnitude and phase

information, with little impact on the image quality.
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Chapter 4

Terahertz microscopy of

topological insu lators

4.1 Introduction

Topological insulators (TI) are a relatively new classification of materials that are
characterised by Diraclike edge states (in 2D) or surface states (in 3D) that arise due to
a unique property of the bulk wave function[163]. These states occur due to spiarbit

interactions akin to the spin Hall effec{164] which leads to chiral surface spin currents,

in which electrons with spin™Y - propagate on the edge (or surface) of a material in

one direction and those with™Y - propagate in the opposite direction[16]. These

states are protected from backscattering into the valence band by timeversal
symmetry, in that the geomety of the band structure of the material, at the interface
with a dielectric, is such that backscattering would require &l change of spin, as can be

visualised in Figure 4.1.

E Conduction Band

Valence Band
|
—-1t/a 0 k -m/a

Figure 4.1z Energymomentum diagram of a typical topological insulator shomg the

Fermi-energy levelO and the momentum of spin up (blue arrow) and spin down (green

arrow) electrons. Adapted fronil 6] .
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A caveat of observing these surface states is that, usually, the Feteuel O intersects
the conduction/valence bands thus giving rise to a finite conductivity in the bulk, which
subverts the topological nature of the material and must be rectified by a tuning &
[165]. This has commonly been achieved by dopifi$)e6]z[169], Tl layering[170], [171]
or with the inclusion of a gate[172]z[175], an example of which Wl be considered in
Section 4.3 and onwardsSolving this issue results in a material that comprises a bulk
possessing the qualities of a traditional insulator but an edge (or surface) that allows for

charge carrier conduction similar to that of a metal.

As well as being of purely academic interest, it has been proposed that these materials
have many applications, such as spintronidd76] and topological quantum information

processing[16].

Due to these umgue properties, it had been theorised that TIs could support collective
oscillations on their surface, such as surface plasmon polaritofi20], [177] and phonon
polaritons [178] that would provide great potential for light-matter confinement. The

following review will demonstrate these phenomena in various Tmaterials.

4.1.1 Graphene

One of the first 2D materials predicted to exhibit Tlike properties is graphene[179]
following the discovery of materials that display finite spirHall conductivity [180]. This
property of graphene was, however, unobservable due to the small sporbit coupling
of carbon. It was not until the engineering of doped graphene that quantum spidall
(QSH) states were experimentally confirmedLl81], which was facilitated by the progress
made in fabrication of thinfilm graphene [182]. Since this confirmation, graphene has
been the subject of many investigations into both collective optical and acoustic
oscillations, most notably massless Dirac plasmons which are a produdtDirac states
[109], [183]z[185].

In the THz range, graphene provides potential for the prospect for novel optical THz
devices, such as sensoiffd86], diodes[187] and modulators[188], to name a few, due
its high charge carrier mobility, low energy consumption and scalability108], [189].
Additionally, the material can be gated, allowing the material to be used in applications

wherein its plasmonic properties can be electronically tuned.

Naturally, the plasmonic nature of graphene has been extensively irsteggated in the THz
and nearIR range[190]z[196]. Using the sSNOM technique (as discussed previously),

plasmonic resonances have been excited and launched in both unpatterngi®7] and
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patterned [17] graphene (Figure 4.2), the first examples of which can be seen[itP8]
and[199].

Figure 4.2z (a) Diagram of sSSNOM scanning location on a graphene narilobon (GNR)
with incident radiation (red). (b) Imaging data of a ribbon with fields of the left and right
sides of theibbon, including sSSNOM tip location. Adapted frofi7].

4.1.2 3D topological insulators

Since the discovery of three dimensional Tldirst realised in Bb.sShy.1alloy, using angle
resolved photoemission spectroscopy (ARPE$200], bismuth-based compounds have

emerged as the primary subject of study of topological surface statf201].
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Figure 4.3z Energymomentum diagrams for BSe modelled using a generalised gradient
approximation (GGA) without (a) and with (b) spin orbit coupling (SOC). It can be seen that
the presence of SOC provides a band gap pfeV at thew K-point. For simplicity,O has
been assumed to be 0 eV. Adapted fi{d] .
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Bismuth (and to a lesser extent antimony) displays strong spiorbit coupling, owing to
the large size and charge of its nucl¢R02], and therefore possessea band structure

which resembles a Tl (Figure 4.3).

It was discovered that crystalline compounds such as 8e, BiTe; and SbTes have
surface states consistent with TIs. In particular, B5e possesses a noitrivial band gap
( * 0.3 eV), making it andeal subject for the study of 3D TI4201]. Early Xray
diffraction analysis of BkSe;, and other bismuth based compoundR03], showed that it
has a zdirection hexagonal layered structure, comprising quintuple layers of Bi and Se

in a Se-Be-Se-Be-Se order (Figure 4.4).

Quintuple
layer

Figure 4.4z Hexagonal BiSe atomic structure showing theSa-Be-Se-Be-Sa quintuple
layer (red box). Adapted frorfil9].

Naturally, 3D TIs are predicted to have applications which may benefit from the
exploitation of collective chargecarrier oscillations, such as that seen in graphen
(Section 4.1.1). Though plasmonic effects are predicted to be visible at room
temperature for these materials, their dispersion relation is such that they cannot be
directly excited by EM radiation, when using common probe frequencies such as IR and
THz,due to a momentum mismatch similar to that described in Chapter 5. To overcome
this, a patterned resonant structure, such as a grating, is commonly us¢204], a
technique that was utilised in the same way to observe confined plasmons on ribbons of
Bi.Se; in the far-field for the first time in the THz range[205] and later in rings of BjSe;,

which offer a greater plasmonic spectrunj177].
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However, the farfield probing of plasmons has been open to interpretation and
controversy, owing not least to the further complication of THz bulk phonon polaritons
in Bi>Se;, which hinders the observaion of plasmons[206], as well as Fano interference
[207], whichis caused by the faifield signal being a superposition of the field scattered
from the surface and the incident field transmitted through the sample. In addition, far
field techniques do not permit direct mapping of the localised fields associated withPS,
and so, recently, neaffield techniques, such as THs-SNOM of Chapters 2 and 3 have

been employed to observe sucf23], [208] z[210].

4.1.3 Chapter overview

In this chapter, an investigation of plasmonic effects in various Tl samples will be
undertaken. This will entail a theoretical description of a generic Tl material according

to past mockls, which are used to calculate the dispersion relation of SPs and key
parameters such as their propagation length in the THz range. The models then allow for

investigation into how these parameters are affected by the material properties.

Using these mdels, a similar theoretical analysis of several bulk, ribbon and electrically
gated thin-film bismuth-based TI samples will be undertaken to predict their optical
response in the THz range (Section 4.2), with material parameters determined via THz
TDS. Futhermore, these samples will be examined using THeSNOM (Section 4.41.6),
which will include both incoherent and coherent imaging, based on the system of
Chapter 3.

4.2 Simulation of topological insulators

4.2.1 Plasmonic behaviour of a conventional m aterial

To define the relationship between the frequency and wave vectorQof SPs supported
by the boundary between two materials, the dispersion relation is useds will be seen
in Chapter 3, for a conventional metal, the dispersion relation can beettrmined from

the following, a derivation of which can be found if211].
- T&

where - is the permittivity of the metal, - is the permittivity of the dielectric surface

and Qis the speed of light.
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The frequency dependent permittivity of a conventional metal can be dermined using
the Drude model, which will be shown for the case of Tls in Section 4.2.2. The dielectric
medium is assumed to be air, therefore, 1. Figure 4.5 shows the reaQ] part of

the dispersion relation along with the free space waveector Q.
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Figure 4.5z Dispersion relation of gold (blue) with free space wave vector (dashed red),

according to Equation 4.1.

It can be seen that at THz frequencies (100 cnr?), the wave vector closely matches that

of the free space and therefre surface confinement is poor.

Furthermore, as the plasmon propagates on the surface of the material it will attenuate
due to losses arising from absorption. This is captured within the imaginary part of the
wavevector, Q 7 , allowing the surfa@ plasmon propagation lengthd can be

determined [211] as,
i_‘) p c'rQ '['&

where 0 is defined as the distance after which the plasmon intensity drops # qof its

initial value and can be seen in Figure 4.6.
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Figure 4.6- Plasmon propagation length in gold according to Equation 4.2.

Additionally, the expected plasmon wavelength.  can be determined from the real part

of Q) , given by Equatior4.3, as seen in Figure 4.7.
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0 1 2 3 4 5
wom’! x10*
Figure 4.7z Plasmon wavelength in gold according to Equation 4.3.
Therefore, the normalised plasmon propagation length0 (the number of

wavelength cycles travelled before decaying) can be determined from,

. 0
§] —_— 8
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Figure 4.8z Normalised plasmon propagation length in gold amaling to Equation 4.4.

To summarised, it can be seen from Figure 4.5 that in the THz rand®@, e Q (i.e.

e _ where_ is the wavelength of the freespace beam). This indicates that the SP
is very poorly confined on the surfice of the metal. In effect, the field extends a long
distance about the metal, with little to no penetration into its surface. This results in
minimal absorption and so the propagation length distance is very large at these

frequencies.

The parameters ddined and presented in this Section will be used later to characterise

the properties of SPs supported by Tl samples.

4.2.2 Plasmonic behaviour of Bi >2Se;

The dispersion relation] "Q for collective modes of a massless Dirac plasma, such as
that present in BpSeshad previously been understood to take the form "Q © Qwhere

1 is the incident frequency andQs the wave vector{184]. However, this was revised to
include interaction contributions from both top and bottom surfaces of the Tl and the
bulk as well as taking film thickness into account, which leads to the relation of Equation
4.5[212],

0Q
- - QM

where - and- are the dielectric functions of the medium at the top and bottom of the
Tl respedively, - is the dielectric function of the TI,Qis the TI thickness and0 is a

constant that incorporates the Fermi velocityd and Fermi wave vectorQ.
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However, this model did not satisfy experimental data but was further reconcileith [20]

by expressing both-  and- interms of] . This was performed using the Drudd.orentz
model (Equation 4.6), which, as well as the Drudplasma contribution, takes into
account several Lorentz acillator terms that account for phonon contributions to the

permittivity,

I B ' 11 B

where - is the dielectric functionag © Hb] isthe Drude plasma frequency;, is the
Drude scattering frequency] 1 and[ are the central frequency, amplitude and

scattering frequency of modéQespectively.

To determine these parameters for a thin film sample of B$e;, values @) 908.66

cm,p 7.43 cm?! and the parameters listed in Table 1 were used.

j o ,cm? 0 cm? A, cmt

1 63.03 675.9 7.43
2 126.94 100 17.5
3 2029.5 11249 3920.5

Table 1 z DrudeLorentz model (Equation 4.6) parameters ezcted from midIR

reflectance measurements of fSig at room temperature. Taken fronfi20].

Figure 4.8 summarises the relative contributions from each term in the Drudkorentz
model of the bulk dielectric function d Bi:Se according to Equation 4.6 It can be seen

that - is mostly influenced by the Drude term and first Lorentzian oscillator.

The total real-aand imaginary - searts of the permittivity according to this model are
displayed in Figure 4.10, in which it can be seen that the permittivity is dominated by

the phonon mode at * 63 cm.
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Figure 4.9z Contribution terms of the permittivity of BiSe according to Equation 6, using
the values from Table 1 if20].
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Figure 4.10z Real (red) and imaginary (blue) pas of the permittivity of BiSe according
to Equation 4.6.

As stated, to accurately express the dispersion relation of surface plasmons in TI
samples, the dielectric function of the Tl substrate must be considered. For bismuth
based TIs, sapphire(Al,03) is commonly used a growth substrate[213]z[215]. To

determine- 1 , the following expression was used.

- 3 € p _1 Qe p _1 5

Where, £ is the refractive index,_ is the incident wavelength and’ is a damping

constant

Using experimentally determined values o€ 3.2,_ 204x10¢cmtandf 0.036

[216],- were obtained, the real and imaginary parts of which can be seen in Figure 4.11.
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Figure 4.11z Sapphire dispersion relation according to Equation 4.7.

By combining the above, an expression for the wave vect®® of surface plasmons

Bi>Se can now be determined. Inverting Equation 5 yields,

Q = , g

Where,0 k ——

By substituting in the appropriate expressions for (from Equation 4.6),- (from
Equation 4.7) and assuming p since the top medium is assumed to be air, the wave
vector Q| Ko ‘00 can be obtained. The real part o)) then yields the
dispersion relation] "Q and plasmon wavelength_ according to Equation 4.3, the
results of which are shown in Figures 4.12a and c. Also, the imaginary parf@f yields
the plasmon propagation length from Equation 4.2 , as shown in Figure 4.12b. For these
calculations, the following values, fom [20], have been usedQ 6.63x1034 Js,0
6x105mst,"Q 1.52x10°m-1,Q 1.6x101°C andQ 27.4x10°m.
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Figure 4.12z (a) Dispersion relation for BiSe according to Equation 8. (b) Plasmon
propagation length in BiSe according to Equation 2. (c) Plasmon wavelength in.8&
according to Equation 3. (d) Normalised plasmon propagation length in®&s according

to Equation 4.

The frequency with which the samples described in Section 4.3 witle probed is 3.45
THz { ¥ 114 cm?) at which a wave vector of® 1.1x10* cmt, plasmon propagation
length 0% 8.3 pum, plasmon wavelength_*x 5.8 pm and therefore normalised
propagation length of 0 x 1.4, would be expected according to Figure 4.12,
assuming compaable material parameters. An exploration of how these values vary

according to different material and sample parameters will be presented in Section 4.2.4.

4.2.3 Plasmonic behaviour of Bi 2Se; accounting for anisotropy

A recent alternative model of the buk dielectric properties of BLSe can be found inf23].

Due to the large anisotropy of BiSe crystals, this model defines the permittivity

differently for in-plane directions - and out-of-plane directions-yy. Each of these
components is described by two Lorentz asllators| andf , while- incorporates the

electronic contribution in the frequency rangg .

These permittivity components take the form of the above Drudéorentz model

(Equation 4.6) and are expressed as such,
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T T - LRI

1 77 1 U 15 1 Q7
Wherei ,i ,iy andiy are the amplitude of thg andl modes in the inplane and
out-of-plane directions respectively] ] 1 yy and] g are the central frequencies
of the| andf modes in the inplane and outof-plane directions respectively] [

[y andl ¢y are the scattering frequencies of the and! phonon modes in the inplane

and out-of-plane directions respectively and] is the frequency range over which the
sample is measured. It should be noted that in the original text, the equation from which

Equations 4.9 and 4.10 have been adapted contains several typographical errors.

E v,cm  v,cml  o,,cm! o cm! #,cmt g5, cmt
29 704 55 64 125 3.5 3.5
xx 17.4 283 156 135 156 3.5 3.5

Table 2z Anisotropic DrudeLorentz model (Equations 4.9 and 4.10) parameters. Taken

from the supplementary material of23].

Using the values of Tabl@, the real and imaginary parts of the total dielectric function
can be determined from Equations 4.9 and 4.10. Figure 4.13 displays the real parts of

and -yr as well as the real and imaginary part of the total permittivity , defined

as- -

500 T T T T

T LT % “total “Total

-500 :
0 40 80 120 160 200

Figure 4.13z Real part of the irplane permittivity (blue) and outof-plane permittivity
(orange), accordng to Equations 4.9 and 4.10 as well as the real (yellow) and imaginary

(purple) parts of the total permittivity.
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Combining these terms in the expression of Equation 4.8, the plasmonic nature of8%
can be determined according to this anisotropic modgR). A comparison to the results

of the previous isotropic model (1) can be seen in Figure 4.14.
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Figure 4.14z The dispersion relation (a), plasmon propagation length (b), plasmon
wavelength (c) and normalised plasmon wavelength (d) of;®& from Figue 4.12,
determined using model 1 (Equation 4.6), with the equivalent plots determined using
model 2 (Equations 4.9 and 4.10). The values plotted in (b) and (d) are the absolute values

to maintain similar y-axis scaling to Figure 4.12.

Overall it can be gen from Figure 4.14 that there is little discrepancy between the results
yielded from both models. Therefore, for simplicity, the following sections will adopt

model 1 in calculation of permittivities.

4.2.4 Varying o _
This Section and the following Sections 4.2.5 and 4.2.6 will explore the effect of changing
certain material properties on the plasmonic characteristics of BEe;, determined by the

model described in Section 4.2.2.

Perhaps the most significant ofttese properties, in regards to the confinement of SPPs,
is the Drude frequency appearing in Equation 4.61t is notable that 7  represents
the contribution from free electrons in the bulk material, and is heavily dependent on
the bulk chargecarrier density & . In[20] it is argued that it is important to fully
consider the bulk Drude term for the following reasons: 1) BSe; has a relatively narrow
band gap; 2) the Fermi level lies in the Hik conduction band, and 3) intrinsic bulk defects
increase the free carrier concentration. Here we calculate the Drude frequency according
to the relation [217],
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1 — P

where Qand a are the charge and effective mass of the conducting electrons, which

for Bi2Se is & 0.15a according to[23].

The bulk carrier density of TlIs is determined predominantly by theloping materials but
can be affected posfabrication by applying an external voltage across the device via an
integrated gate structure. Typical values o for thin-film samples of B}Se are in
the range from 1z 6 x 108 cm3[23], [172]. Adjusting this value shows how the
contribution term is affected. By determining the values of for this range of Drude
frequencies, using Equations 4.6and calculating the corresponding range of wave
vectors from Equation 4.8, the dependence of the key plasmonic characteristics of 3
ong can be seen. Figure 4.15 shows the SP dispersion relation, plasmon propagation
length, plasmon wavelegth and normalised propagation length fore values in the
rangelz 6 x 108 cms3,
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Figure 4.15- The dispersion relation (a), plasmon propagation length (b), plasmon
wavelength (c) and normalised plasmon wavelength (d) of.$% for a range of]

calculated from Equation 4.11, using a range&f 176 x10:8cms3.

To summaries these results, it can be seen from Figure 4.15a and b thatéas
increases, the dispersion relation tends to lower values ofQ and the plasmon
propagation length increases (and therefore so does the normalised propagation
length). This is expected, as increasing causes the material to behave more like a
conventional metal, and therefore these results should more resemble thosé Section

4.2.1. From Figure 4.15c it can be seen that the plasmon wavelength changes little within
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the range of interest{ * 100 cm?), but overall the change in the dispersion relation
suggests poorer confinement at higher values a&f . This highlights the need for small

€ in experimental samples.

4.2.5 Varying ®

As seen from Equation 4.8, the wave vector is dependent on the Tl film thicknésThis
dependence was explained in Staubat al[212]. For sample thicknesses larger than six
quintuple layers (Q 6 nm) the surface wave functions on the top and bottom of the
sample couple only electrostatically and so for thick samples and large wave vectors
'Q°Q 1, this coupling can be neglected. However, for thin sampl&™Q p, significant
coupling can occur leading to theemergence of optical and acoustic modes and
modification of the dispersion . For TIs this was first discussed i[183] and [218]. The
model presented byEquations4.5 and 46 attempts to account fo these dfects, and so

it was used to evaluate the dispersion relation within the thin sample regime, from which
the plasmon properties were obtained. These properties were evaluated in the range 20
nm Q 80 nm (Figure 4.16).

Figure 4.167 The dispersion relation (a), plasmon propagation length (b), plasmon
wavelength (c) and normalised plasmon wavelength (d) o8& for thicknesses of 20 nm

(blue), 40 nm (orange), 60 nm (yellow) and 80 nm (purple), according to Equation 4.8

The results present in Figure 4.16a and b indicate that stronger confinement is achieved
for thinner samples, as the dispersion relation move towards larger values &i.e. away
from the free-space dispersion) and_ reduces. In addition, Figure 4.16b shows that

becomes larger for smaller values df2









































































































































































































