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Abbreviation

Meaning

2D

3D
ADC
BEP
CW
DMD
DOF
ESD
FDTD
FDTS
FKO
HDPE
HRXRD
LDW
LNA
MBE
NEP
OAP
PLL
PP

PR
PTFE
RHEED
SNR
Si
TDS
THz

THz spectroscopy

Ti-mB
UHMWPE
px

two dimensional

three dimensional

analog-to-digital converter

beam equivalent pressure

continuous wave

digital micro-mirror device

depth of field

electrostatic discharge
finite-difference time-domain method
frequency-domain terahertz spectroscopy
Franz—Keldysh oscillations
high-density polyethylene
high-resolution X-ray diffraction
industrial-scale laser-direct-write
low-noise amplifier

molecular beam epitaxy

noise equivalent power

off-axis parabolic (mirror)
phase-locked loop

polypropylene

photoreflectance
polytetrafluoroethylene (Teflon)
reflection high-energy electron diffraction
signal-to-noise ratio

silicon

time domain spectroscopy

terahertz, 10'> Hz

Spectroscopy in terahertz region
titanium microbolometer

ultra high molecular weight polyethylene
pixel
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2. INTRODUCTION

If one consider observation using invisible parts of the light’s spec-
trum, as a rule, the first association that usually arises is photos taken
in X-ray light because of medical tests or security inspection. It is in-
deed strong and useful tool allowing to see "inside" the different objects
allowing thus to discriminate them or to identify affected tissues in a
human body. Despite of many advantages of this approach, X-rays are
not so friendly for human body or other living beings because of the
ionizing nature of the radiation [1,2]. As concerns other applications,
for instance, detection of low density materials (like clothing, plastics,
carton etc.) novel access routes are required. One of possible ways to
proceed could be employment of terahertz (THz) radiation (sometimes
also called T-rays), which can penetrate through non-conducting mate-
rials without undesirable hazard to living organisms.

It is generally agreed that THz frequencies span the range from
100 GHz up to 10 THz. It is a particular place in the electromagnetic
spectrum — between microwaves and the infrared one — defining the
requirement to merge together rather different concepts — classical
carrier transport and quantum mechanics-based — in the develop-
ment of devices (see Fig. 2.1). On the other hand, from the point
of view of applications, the THz range has opened a large variety of
potential applications in many fields — in addition to aforementioned
security [3-5], and medical [6-8] purposes, one can non-invasively
enumerate materials [9-11] and implement industrial diagnostics [12],
broad bandwidth communication systems [13,14] and radars [15,16],
detection of chemical compounds [17] and biological agents [18], use
THz radiation to discriminate different packaged substances [19, 20]
and apply to quality control [21].
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Figure 2.1: THz range lies in frequencies between 100 GHz and 10 THz of elec-
tromagnetic spectra.

A particular role in development of THz technology can be at-
tributed to the THz imaging as it can serve as very powerful tool
in security and medicine. Since breakthrough work by B. B. Hu
and M. Nuss [22] the THz imaging gained tremendous advance-
ments [9, 23,24] both in development of the technique itself and its
active and passive components as well as prospects in a large variety of
applications.

It is worth noting two different aspects of applied research in THz
imaging. The first one concerns development and demonstration of in-
novations and applications in scientific laboratory; the second one deals
with direct implementation in real conditions of operation. If in the first
case alignment, size of optics and even operational temperature is not
critical, in the second one situation drastically changes —real operational
conditions do not tolerate inconvenience in usage of the systems, they
must operate in room temperature, system size needs to be reduced as
much as possible, optical alignment issues must be minimized. There-
fore, reduction of their dimensions and preference to on-chip solutions
in emission/beam shaping or detection/optical coupling remains one of
the prime interests for direct implementation aims. That is why solid-
state-based solutions and diffractive optics ideas in miniaturization of
THz imaging systems arise as one of the most important tasks in over-
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coming issues in real implementation [25,26]

The given work is exactly dedicated to this purpose. In what follows
we concentrated our efforts to the development of compact THz imag-
ing aiming to make them more closer to real operational implementa-
tion applying principles of optical beam engineering. Initially, we ma-
nipulate with THz radiation in homodyne detection scheme via phase
management seeking to find effective, cost-effective and simultaneously
simple solutions for reliable homodyne THz imaging; secondly, by us-
ing THz beam engineering tools via employment of diffractive optical
components based on high-resistivity silicon, we intend to evidence that
it can be well suited approach in reducing size of THz imaging and still
keeping strongly expressed abilities to reveal and discriminate weakly
THz radiation absorbing objects placed in boxes of conventional postal
packages size.

2.1 Major Goal

The major goal of the thesis is development and characterization of
compact spectroscopic terahertz imaging system using principles of op-
tical beam engineering.

The goal is twofold.

Firstly, to develop and characterise reliable compact THz homodyne
imaging scheme seeking to find efficiency and cost-effectiveness con-
taining solutions.

Secondly, applying THz beam engineering tools via employment of
silicon diffraction optics components to develop and characterise com-
pact THz imaging system enabling to reveal and discriminate weakly
THz radiation absorbing packaged objects.

The goal can be decomposed into the following tasks.

2.2 Tasks of this Work

1. To develop efficient and cost-effective compact homodyne THz
imaging using reliable bow-tie diodes and compare it with alter-
native heterodyne THz imaging technique to identify low absorb-
ing objects.

11



2. To examine and characterize its operation at 0.3 THz and 0.6 THz
frequencies, estimate signal-to-noise ratios and dynamic range;
consider efficient and cost-effective solutions for phase shifting.

3. To investigate effect of molecular beam epitaxy growth conditions
on InGaAs/InP layers dedicated for bow-tie diodes fabrication
and determine optimal growth regime with respect to InGaAs
diodes parameters.

4. To design, fabricate and investigate silicon diffractive optics-based
bifocal THz lens.

5. To implement the designed silicon based bifocal THz lens into
THz imaging, demonstrate simultaneous multi-focal THz imag-
ing, to characterise and estimate main parameters of the devel-
oped compact THz imaging set-up.

6. To develop diffractive THz lens allowing Bessel THz imaging with
extended focal depth up to 20 mm suitable for imaging of objects
hidden in post packages.

7. To demonstrate purely silicon optics based Bessel THz imaging;
estimate signal-to-noise ratios and dynamic range; consider effec-
tive and cost-effective solutions for enhancement of the contrast

and compare it with conventional THz imaging.

8. To manipulate THz beam using spatial filtering methods and ap-
ply it for THz imaging technique; reveal its advantages in compar-
ison with other beam engineering methods; define requirements
for detector parameters needed for such kind of THz imaging.

2.3 Scientific Novelty

Scientific novelty of the thesis relies on the following key-findings:

1. THz homodyne and direct imaging using InGaAs bow-tie diodes
as sensors was demonstrated to discriminate low-absorbing mate-
rials packaged between up to six layers of cotton fabric at 0.3 THz
and 0.6 THz. Operation features and imaging parameters between
direct and homodyne scheme were discussed and compared.

12



. The homodyne phase-shifting scheme was realized here in a sim-
ple way by varying the number of office paper sheets in the optical
path. It is shown that homodyne THz imaging can serve as a con-
venient imaging tool to screen low-contrast suspicious inclusions

in textiles.

. Different technological conditions for the InGaAs devices fab-
ricated from InGaAs layers grown by molecular beam epitaxy
(MBE) on semi-insulating InP substrate are considered. It was
shown that structures exhibit presence of strong built-in electric
tields reaching up to 49 kV/cm, which were derived from the
photoreflectance spectra.

. It was demonstrated that the spectral density of voltage fluctu-
ations in InGaAs bow-tie diodes at room temperature is found
to be proportional to 1/f, while at lower temperatures, 77-200 K,
Lorentzian-type spectra dominate due to random telegraph sig-
nals caused by individual capture defects.

. The obtained results revealed effect of InGaAs layers grown at dif-
ferent beam equivalent pressure (BEP) In/Ga ratios on the low-
frequency noise level and the sensitivity of the THz detectors. It
was determined that THz detectors grown with BEP In/Ga ratio
equal to 2.06 is the most suitable choice to fabricate sensitive In-
GaAs bow-tie diodes for room temperature operation.

. It was shown that compact Fibonacci (bifocal) terahertz imaging
can be realized using monochromatic THz light sources using
diffractive silicon lenses. The focusing performance was studied
both theoretically and experimentally by measuring spatial
profiles, the distance between the foci and focal depth at 0.3 THz
and 0.6 THz frequencies.

. Simultaneous imaging with the wavelength resolution of two
planes separated by a 7 mm distance was experimentally demon-
strated at 0.3 THz and 0.6 THz frequencies. The multifocal
imaging results were compared with the performance of the
phase zone plate designed of the same diameter and material.
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10.

11.

24

Thin and compact Bessel zone plates based on silicon multi-phase
diffractive optics were designed, produced and demonstrated in
the THz transmission imaging system.

A novel experimental setup using two Bessel zone plates for en-
hanced imaging purposes and increased compactness was sug-
gested. The discrete axicons containing 4 phase quantization lev-
els were fabricated from a high-resistivity silicon by employing
laser ablation technology allowed to extend the focal depth up
to 20 mm with minimal optical losses and refuse employment of
bulky parabolic mirrors in the imaging set up.

Compact THz imaging system reveals possibility to inspect objects
of more than 10 mm thickness with enhanced contrast, weak de-
pendence on the sample thickness and position due to long focal
depth as well as increase its resolution up to high level by applying
the deconvolution algorithms.

Spatial filtering methods — phase contrast and dark field — can be
applied in large aperture THz imaging to resolve weakly absorb-
ing objects in subTHz range using sensitive room temperature de-
tectors, for instance, titanium-based microbolometers. The images
of weakly absorbing objects were recorded in unfocused light at
0.3 THz using circle shaped paper sheets as filter in phase contrast
and circle shaped aluminum foil in dark field experiments.

Statements for Defence

. Homodyne terahertz imaging can be employed to discriminate

low absorbing objects at 0.3 THz and 0.6 THz frequencies using
room-temperature InGaAs bow-tie diodes as reliable detectors
and phase control — using different numbers of paper sheets.

InGaAs layers grown by molecular epitaxy with beam equivalent
pressure In/Ga ratio equal to 2.06 is found to be the most suitable
for fabrication of room temperature bow-tie THz detectors exhibit-
ing sensitivity in the range of 10 V/W and noise equivalent power
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below 1 nW/ \/Hz at 0.6 THz due to strong built-in electric field
effects.

3. Compact bifocal terahertz imaging can be realized using
monochromatic THz light source and phase silicon zone plates
based on the Fibonacci sequence.

4. Bessel THz imaging can be implemented in compact THz imaging
scheme using only high-resistivity silicon-based optical lenses and
enabling thus THz imaging of thick objects in 1 cm focus depth
scale at subTHz frequencies.

5. Spatial filtering methods — phase contrast and dark field — can be
applied in large aperture THz imaging to resolve weakly absorb-
ing objects in subTHz range.

2.5 Author Contribution

Author was involved in execution of homodyne [P1], Fibonacci bifo-
cal [P3], Bessel zone plate [ P4] and spatial filtering methods [P5] exper-
iments starting from the designs of the setup, design preparation and
validation of diffractive elements for optical beam engineering, design
and fabrication of imaging samples to illustrate advantages of the novel
approaches, recording of THz images and further processing as well as
analyses of the obtained data.

Author was engaged in THz part of investigation (electrical charac-
terization of the samples and estimates of bow-tie diodes sensitivity)
and data analysis for publication [P2] of InGaAs bow-tie diode detec-
tors subsequently applied for THz detection in homodyne imaging ex-
periments.

He also improved and developed additional software utilities for
data acquisition and processing. The author was involved in the prepa-
ration of scientific papers and material for the conferences.
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3. OVERVIEW OF TERAHERTZ IMAGING

TECHNIQUES

3.1 Introduction

Recording of THz images requires special experimental set-up con-
sisting, as a rule, of THz emitter, passive optical components like mir-
rors, beam splitters or focusing elements and sensitive detectors. One
can note that principles of operation of the recording systems are usu-
ally defined by features of THz radiation source.

If it is based on ultrafast laser (pulsed coherent source), optoelec-
tronic principles of THz generation and detection are employed. In case
of electronic sources, for instance, electronic multipliers, mostly operat-
ing in sub-THz frequency range, new principles of detection (bolome-
ters, field-effect transistors or high-frequency diodes) need to be used.
Generally, THz imaging techniques depending on the physical princi-
ples employed can be depicted schematically as it is given in Fig. 3.1.

Below we present short overview of THz imaging recording tech-
niques and possible imaging with special emphasis on possible compact

solutions in passive optical components.

3.2 Terahertz imaging schemes

The pioneering THz images recorded by B. B. Hu and M. Nuss [22]
were based on usage of femtosecond laser in time domain spectrometer
(TDS) system, when ultrashort laser pulse optically excites carriers in
semiconductor with short carrier lifetimes, excited carrier accelerated
by the electric field emits broadband coherent THz emission which is
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Direct (Fig. 3.6) |

Continuous wave Heterodyne (Fig. 5.1) |
(CW) source

Homodyne (Fig. 5.2) |

Terahertz imag-
ing techniques Time domain
spectroscopy
Pulsed coherent source (TDS) (Fig. 3.2)

Frequency do-
main spectroscopy

Figure 3.1: Terahertz imaging techniques. All schemes presented here display
inherent feature of bulky optical elements to manipulate the laser radiation.

Optically gated
THz transmitter

Optically gated

Sample
™ THz Detector

»X\‘Y

A— Femtosecond A— Scanning

Pulse Source Delay Line

Figure 3.2: Scheme of TDS THz imaging setup for measurement in transmis-
sion geometry. Adapted from [22].

detected via optoelectronic antenna gated with a delayed optical pulse
as it is shown in Fig. 3.2. As one can see, THz beam that was focused
onto the sample.

This way the THz radiation transmitted through the specific point
of the sample produces a pixel (px). To record every pixel the sam-
ple is translated in x and y axes to produce final two dimensional (2D)
THz transmission image akin to X-ray image. This imaging process is
called raster scanning and it enables best possible signal-to-noise ratio
(SNR) due to the coherent scheme of the detection. Efficient imaging
is of particular importance in THz range due to the low power of ac-
cessible sources. However, due to the need of mechanical movement
of the sample, raster scanning is time-consuming as it is constrained by
the detector integration time 7, as an example at 7 = 10 ms an image

of 100x100 px dimension takes 100 seconds to capture and 400x400 px
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image takes more than 26 minutes. As can be understood, such long
THz image capture duration is not an advantage in implementing such
systems into direct applications. One can note that the replacement of
femtosecond laser by continuous wave (CW) sources such as electronic
multiplier chains or Gunn diodes [27] and by relevant detectors do not
change the situation from point of view of image recording duration.

To introduce an actual terahertz imaging system, as an example,
we present novel terahertz imaging setup developed during comple-
tion of this work. Its photo is given in Fig. 3.3(a). The set-up dedicated
to operation in transmission geometry utilizing two Bessel zone plates
(BZP) for thick sample imaging. This system uses terahertz source,
off-axis parabolic mirror (OAP) for collimating THz beam, Bessel zone
plate (BZP) for focusing THz radiation, then collimating it with another
BZP. Finally, OAP focuses the radiation onto the detector. Features of
the imaging system and Bessel zone plates will be discussed further in
Chapter 8.

For acquaintance with THz image, a typical terahertz image of ob-
jects shown in Fig. 3.3(b) is depicted in Fig. 3.3(c). The images are cap-
tured by direct raster scanning at 0.6 THz. As is easily seen, a sam-
ple consisting of hypodermic needle, steel blade and a piece of nitrile
glove enveloped between 6 layers of cotton fabric can be decomposed
demonstrating thus ability of THz radiation to inspect and resolve hid-
den objects. Metal and plastic are clearly visible and furthermore, even
separate layers at the lines where the nitrile glove fingertip was cut off
can be distinguished.

A linear THz detectors array [28,29] can be a solution of the issue
in reducing the image capture duration by the factor of pixel quantity
in the array. This solution requires specific optical beam engineering
means — either beam expansion or application of line forming cylin-
drical lens [30] which in turn distributes available THz source power
between detectors in the array. To alleviate the loss of power multiple
THz sources can be used, however, it can strongly increase cost of the
imaging system due to high prices of available sources.

Similarly, multiple lines of line detector arrays could be combined
into a 2D detector matrix [31-33] allowing for imaging of the whole

area simultaneously via complementary metal-oxide—semiconductor
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Figure 3.3: a) Novel terahertz imaging setup for operation in transmission ge-
ometry utilizing two Bessel zone plates for thick sample imaging. Components
of the setup: S - THz source, OAP - off-axis parabolic mirror, BZP - Bessel zone
plate, D - detector. b) Photo of an imaging sample containing hypodermic nee-
dle, steel blade and a piece of nitrile glove enveloped between 6 layers of cotton
fabric. ¢) A transmission image of the sample at 0.6 THz.

(CMOS) or charge-coupled device (CCD) detector arrays if the THz
radiation can be converted electro-optically into visible range. Due
to absence of the mechanical movement during the capture 2D THz
detector matrix is capable of record images at up to 450 frames per
second [34] that would allow monitoring biological sample dynamics,
rapid industrial processes, etc. However, as due to diffraction limit the
pixel pitch of the 2D THz detector arrays is in the order of 100 um [35]
the THz illumination intensity spread to cover the whole matrix would
effectively decrease the amount of THz radiation power at a single pixel
in a 2D THz array by at least two orders of magnitude compared to
single pixel raster scan. This amount of decrease in THz power can be
critical for imaging samples with features are at the edge of detection
limit such as low absorbing objects or extremely high absorbing objects,
i.e. in cases when single pixel raster scan is well-suited. It is worth
noting interesting technique used for THz imaging is a single pixel
camera [36-38] that allows capture of an image comprising of multiple
pixels without mechanical movement of the optical system and utiliz-
ing a single pixel THz detector. Single pixel camera designs are mostly
based on digital micro-mirror device (DMD) that selectively reflects
THz radiation and illuminates the sample in a predefined pattern that
in turn is correlated to the measured THz radiation intensity at the
single pixel detector, and hence a whole image can be reconstructed.
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Figure 3.4: A comparison photo of focusing elements for terahertz radiation.
From the left: reflective off-axis parabolic mirror with gold coating (Thorlabs
MPD269H-MO01), a refractive plano-convex spherical lenses made of polyte-
trafluoroethylene (PTFE, Teflon, custom milled), diffractive silicon based bifo-
cal Fibonacci lens.

By a rapid switching between the illumination patterns one can achieve
real-time THz imaging [39]. Since only single pixel detector is required,
the illumination of the specific area of the sample is inversely propor-
tional to the size of the imaged area and thusly overall performance is
similar to the imaging scheme utilizing 2D detector matrix.

3.3 Terahertz beam engineering

High quality of focusing of the radiation or beam engineering aim-
ing to manage spatial mode profile is very important in optical systems
because it directly impacts the overall performance of the whole imag-
ing system. Effective focusing performance is essential in THz range
due to quite low power of the available THz sources (uW range [40]).
This requirement brings the need of specialized solutions that achieves
best performance for a given type of materials under test.

Off-axis parabolic (OAP) mirrors reflect the incident light from a
metallic parabolic surface and focus collimated light into a focal point
without introducing noticeable spherical aberrations. While reflective
OAP mirrors introduce miniscule loss of THz beam intensity the use of
OAP mirrors is hindered by sizeable dimensions, introduction of astig-
matism [41] and inability to use them in line due to inherent change in
direction of the beam.
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Figure 3.5: Refractive (a, b) and diffractive (c-g) lenses. a) Bulk lens. b)
Fresnel lens (not used in the THz range of radiation). c¢) Fresnel zone
plate—amplitude binary. d) Planar dielectric zone plate—structure created
from two materials with different refractive indices that corresponds to phase
binary grating. e) Binary phase—phase-reversing zone plate. f) Multi-level
zone plate. g) Kinoform (Fresnel diffractive lens). Reprinted under Creative
Commons Attribution 4.0 (CC BY 4.0) license from reference [48].

Conventional or refractive lenses can be manufactured of a variety
of polymers utilizing high transmittance and high refractive index in
THz range: high-density polyethylene (HDPE), polytetrafluoroethy-
lene (PTFE, Teflon), polypropylene (PP) [42,43], ultra high molecular
weight polyethylene (UHMWPE) [44]. Even parafin-wax [45] can be
used to fabricate lenses, but it relatively soft and lacks temperature
stability. Spherical lenses for THz range can be produced using various
methods including machining, 3D printing [46], forming powders in a
press, etc. 3D printing of plastic lenses is especially interesting allowing
for rapidly produced cost efficient prototypes to test novel designs as
3D printed surfaces provide satisfactory surface roughness [47] for
THz range due to significantly longer wavelengths than the visible
range. However, regular refractive THz lenses introduce significant
loss of intensity due to the thickness of the lens material. Comparison
of sizes and designs of possible THz passive optical elements is given
in Fig. 3.4.

Industrial THz imaging applications require cost-effectiveness, com-
pactness and alignment-free optical systems. One of possible routes to
proceed is so called terahertz zone plates (TZP) [49], or also called Fres-
nel zone plates (not to be confused with Fresnel lenses as used in light-
houses).
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Figure 3.6: Scheme of raster THz imaging setup for measurement in both trans-
mission and reflection geometries, where Lens — HDPE or TPX lens, Beam-
splitter — high-resistivity Si wafer, Mirror — gold plated flat mirror, OAP — off
axis parabolic mirror.

TZPs are diffractive focusing elements composed of alternating con-
centric rings that manipulates pass or block THz radiation (Fig. 3.4).
Diffraction is defined as any deviation of a light ray from rectilinear
propagation, which is not caused by reflection nor refraction. TZPs are
planar elements, relatively simple to fabricate using one step lithogra-
phy or laser ablation on widely available silicon (Si) wafers. Result-
ing TZPs are less than 1 mm thick [50] with the diameter of TZP de-
pending only on the THz beam diameter to be focussed. TZPs display
a quite serious disadvantage of their high chromatic aberration [51],
however, it can be overcome by using narrow bandwidth THz sources.
In general, TZPs as planar elements allow convenient, straightforward
and reliable integration in optical systems to enable alignment-free and
maintenance-free operation. One can note that even paper diffractive
lenses [52] can be fabricated relatively easily, but they are not efficient
enough for direct practical applications.

3.4 Terahertz detection at room temperature

Terahertz detection and imaging scheme is depicted schematically in
Fig. 3.6. As one can see, it is composed of THz radiation source, passive
optical elements like beam splitters, mirrors, lenses, xy stage and THz
detectors. The THz detectors are transducers that convert an incoming
THz radiation into some convenient form like voltage or current which
subsequently can be recorded, processed and analyzed. Superconduct-
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ing bolometers offer a distinct advantage in comparison to uncooled
bolometers because of their low thermal noise [53] and can successfully
be applied in astrophysics aims. However, in everyday practical appli-
cations uncooled detectors would be preferable to achieve much lower
system complexity and avoid the usage of a cryocooler equipment.

Development of faster and more sensitive detectors at room tem-
perature have yielded different approaches to sensing THz radiation,
notably Schottky diodes [54], nanometric transistors [55-60], uncooled
bolometers [8, 61], and bow-tie diodes concept of which was previ-
ously been developed using various materials, i.e. asymmetrically
necked planar n-n* GaAs structure [62], asymmetrically-shaped 2DEG
GaAs/AlGaAs layers [63], and specifically, InGaAs diodes [64-67].
InGaAs-based bow-tie diodes for the THz range are found to be well
suited for development of compact THz imaging systems including
spectroscopic THz imaging [68,69].

It is original concept of sensors developed in our laboratory, and,
mainly because of this reason and its reliability, we have chosen it for
implementation in homodyne scheme. In more details, to further opti-
mize design for sensitive and broadband THz detection, one needs to
understand the noise origin, influence of growth conditions and role of
materials defects for device operation.
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4. INVESTIGATION METHODS

Fibonacci bifocal THz focusing element was fabricated using laser
ablation technology based on an industrial-scale laser-direct-write
(LDW) system [50] based on a 1064 nm wavelength, a 13 ps pulse,
1 MHz repetition rate, and a 60 uJ peak energy Atlantic 60 laser
(Ekspla, Ltd., Vilnius, Lithuania) in Laser Microfabrication Laboratory,
Department of Laser Technologies, FTMC. A sample with an outside
diameter of 24 mm and two foci separated by a defined distance of 7
mm was fabricated on monocrystalline silicon orientation (110), with
resistance 0.01-1MQcm and refractive index 3.46 for [P3].

Fabrication of silicon wafer was carried out in Coherent Optics Labo-
ratory, Department of Fundamental Research, FTMC. The laser ablation
set up was composed of Pharos-SP laser (Light Conversion Ltd, Vilnius,
Lithuania) (wavelength 1028 nm, pulse duration = 350 fs, energy =
50 yJ, repetition rate = 100 kHz), IntelliSCAN-14 scanner (SCANLAB,
GmbH, Munich, Germany) and F-Theta f100 lens (Sill Optics, GmbH
& Co. KG, Wendelstein, Germany) with scanning speed = 1000 mm/s.
The center hole in the optical element was used to ease the optical align-
ment. This laser ablated device was investigated in [P4].

Optical 2D images were obtained using KH-7700 digital microscope
(Hirox Co Ltd., Tokyo, Japan) which also allowed to get 3D measure-
ments and surface visualization using image stacking technique.

THz imaging was carried out using electronic multiplier sources
(Virginia Diodes, Inc., Charlottesville, Virginia, United States of Amer-
ica) generating radiation of 0.15 THz, 0.3 THz and 0.6 THz frequencies
in continuous wave mode with power of 29 mW, 13.2 mW and 0.56 mW,
respectively. Initial frequency for the multipliers was generated using
microwave analog signal generator E8257D (Agilent Technologies, Inc.,
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Santa Clara, California, United States of America) operating at 12.5 GHz
frequency and 10 dBm power.

3D printed parts were utilized as sample holders and for the sam-
ples themselves using additive manufacturing type printer Ultimaker 2
(Ultimaker B.V., Utrecht, Netherlands) with polylactic acid (PLA) fil-
ament which allowed for convenient printing and sufficient rigidity of
the resulting parts.

xyz stage was used for automated movement of THz imaging
samples, diffractive lens or detector assemblies. The stage allowed
movement in the volume of 15x15x15 cm?® was comprised of PRO115
(Aerotech, Inc., Pittsburgh, Pennsylvania, United States of America),
NST150M and LTS150M linear stages (Thorlabs, Inc., Newton, New
Jersey, United States of America) which were controlled by custom
data acquisition software.

Low-absorbing samples and cotton layers were characterized
individually in the THz range via transmission measurements using
commercial frequency-domain terahertz spectrometer (FDTS) Top-
tica TeraScan 780 (TOPTICA Photonics AG, Graefelfing (Munich),
Germany).

The absolute power measurements were made using calibrated THz
Absolute Power & Energy Meter System (Thomas Keating Ltd., West
Sussex, England) based on the photoacoustic effect.

THz detection was realized using titanium resonant THz antenna-
coupled microbolometers (Ti-mB) [70] operating at room temperature.
Detector modules used for experiments were comprised of 4 Ti-MB
pixels with pitch of 2.5 mm and pixel dimensions of 2.5x2.5 mm?
combined with a preamplifier which were used one pixel at a time.
Detectors were produced by Luvitera, Ltd. (Vilnius, Lithuania) a joint
Terahertz Photonics Laboratory, Optoelectronics Department, FTMC
(Vilnius, Lithuania) and the Laboratory for Microelectronics, Faculty
of Electrical Engineering, University of Ljubljana (Ljubljana, Slovenia)
company. Ti-mBs were used to record data in papers [P3], [P4] and
[P5].

Three dimensional (3D) finite-difference time-domain (FDTD)
method was used for modeling of the electric field distribution in
space [71]. The spatial resolution was set up from 0.01 to 0.115 mm.
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To simplify the simulation, symmetry conditions of the structures
were applied, and the absorbing boundary conditions were set in
all the directions. The normalized electric field was recorded in the
whole simulation volume. A source of a multifrequency plane wave,
transparent to the reflected wave, was specified in the front of the zone
plate plane. Different zone plate designs can be programmatically
generated to optimize THz beam engineering elements for required
applications. The resulting electric field distribution in space can be
used to predict the focusing performance before fabricating the zone
plates. 3D FDTD method was applied in papers [P3] and [P4].
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5. HOMODYNE IMAGING

As was already aforesaid, THz frequency radiation is widely ap-
plied for imaging samples through low-absorbing non-conducting ma-
terials, such as clothing fabrics or packaging supplies. Thus, THz imag-
ing serves as a valuable tool to expose contents of packaged and con-
cealed objects in various environments. However, when the concealed
objects themselves exhibit low-absorption in THz frequencies, direct
THz imaging approach becomes not rational due to a small signal-to-
noise ratio which means low contrast prohibiting object recognition. To
overcome the problem one can use coherent detection techniques like
heterodyne THz imaging [66,72] which due to reduction of noise floor
allows to strongly increase the dynamic range and, as a consequence,
to identify low absorbing materials. Nevertheless, the heterodyne ap-
proach is not so convenient for implementation purposes as it requires
at least two THz sources synchronized via a phase-locked loop (PLL)
as it is shown in Fig. 5.1.

Hence, new solutions are needed aiming to make THz imaging sys-
tems more competitive in practical implementations. Our suggestion
to overcome the need of two THz sources direct transmission imaging
set-up was employing homodyne technique (Fig. 5.2) by splitting THz
beam into two arms which then interfered in the reliable bow-tie detec-
tor [68]. To find a very simple way to manage the phase of illumination,
a stack of office paper sheets was placed into one of the optical paths to
change the optical length, hence, eliminating the need of moving any of
the optical elements like delay lines. Despite of certain absorption by
the paper sheets, the increase in contrast is still good enough to provide
good image quality and avoid usage of relatively expensive optical de-
lay line. Moreover, spectroscopic approach — for instance, two colour
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Figure 5.1: Scheme of heterodyne THz imaging setup for measurement in
transmission geometry. Radio frequency (RF) and local oscillator (LO)
sources linked by phase-locked loop (PLL) are combined to achieve hetero-
dyning. Adapted from [66].
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Figure 5.2: Scheme of homodyne THz imaging setup for measurement in trans-
mission geometry where paper sheets are used to provide phase shift in one
of the optical arms. Adapted from [P1].
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Figure 5.3: Estimates of the system dynamic range at 0.3 THz (left) and 0.6 THz
(right) frequencies. Normalized detected signal recorded in both, direct and
homodyne, schemes is shown as a function of paper sheets pieces, which was
used to vary the phase of the radiation. Shadowed area indicates the regime
of optimal homodyne operation. Note the increase of dynamic range in the
homodyne mode. Adapted from [P1].

experiments using 0.3 THz and 0.6 THz radiation — is also possible in
this scheme extending thus discrimination possibilities of packaged ma-
terials.

In the homodyne scheme, the resulting intensity registered I at the
detector is dependent of both intensity of optical path passing through
the sample I; and intensity of the optical path in a free space I, as well
as the cosine function of the difference between the phases after these
different optical paths ¢; — ¢:

I=L+5L+2 I]IzCOS[(P] — (])2} (51)

On the one hand, intensities of both optical paths are important in the
resulting intensity /. On the other hand, if the imaged sample is low
absorbing in THz range, it can be seen that the biggest change in the
resulting intensity / will be due to change in the difference between the
phases ¢; — ¢, as I, ¢, will be constant and /; will change insignificantly.
Thus, for low absorbing objects homodyne imaging scheme produces
an image depicting phase ¢; change in the sample and resulting THz
image in homodyne setup may be described as phase-like image.

As one can see in Eq. 5.1, the intensity of interference is a periodic
function with a phase period of 27 that results in phase-ambiguity
in case when the samples are thicker than illuminating wavelength
(0.5 mm for 0.6 THz and 1 mm for 0.3 THz). To overcome the phase-
ambiguity restriction and extend the measurement scale for thicker
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Figure 5.4: Photo of the sample (a) and its direct (b) and homodyne (c) im-
age at 0.3 THz. The sample consisted of a sealable LDPE bag, tissue paper,
nitrile glove, and hypodermic needle enveloped in two layers of cotton fabric.
SNR is 100 and 200, respectively. THz imaging parameters: XY pixel size 0.3 x
0.3 mm?, image size 299 x 212 pixels, integration time 10 ms. About 10 paper
sheets were used to manage phase in the homodyne imaging. Adapted from
[P1].

samples as well as higher frequencies phase-unwrapping method with
a noise-suppression data processing algorithm [73] may be applied.

The imaging set-up was calibrated to determine dynamical range
of the homodyne system. The experiment was carried out in both di-
rect and homodyne modes at 0.3 THz and 0.6 THz frequency. The ho-
modyne detected signal revealed more than two orders of magnitude
higher dynamic range in comparison to the direct one at 0.3 THz range,
and a factor of 25 improvement at 0.6 THz. Better contrast can thus be
expected in the homodyne mode for recording THz images of low ab-
sorbing materials as shown in Fig. 5.3.

To illustrate suitability of the homodyne THz imaging for identi-
fying of thin low-absorbing objects a sample containing sealable low-
density polyethylene (LDPE) bag, tissue paper, a pieco of nitrile glove,
and hypodermic needle enveloped between two layers of cotton fabric
was assembled. Imaging results of the sample at 0.3 THz are displayed
in Fig. 5.4. THz homodyne imaging allowed to clearly resolve low ab-
sorbing thin materials —low-density LDPE bag and a tissue paper —hid-
den in 2 layers of cotton fabric.

To conclude, homodyne and direct imaging of materials with low-
absorption features in the THz range were investigated and compared.
The homodyne scheme using paper sheets as the phase tuning compo-
nent allowed us to increase the detection dynamic range by more than
two orders of magnitude. It was demonstrated that the homodyne THz
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imaging system at 0.3 THz and 0.6 THz in transmission geometry en-
ables to detect low-absorbing objects — LDPE bag, tissue paper, and ni-
trile glove — enveloped in up to 6 layers of cotton fabric.

The results on THz homodyne setup and imaging performace were
published in [P1].
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6. INGAAS DIODES FOR TERAHERTZ

SENSING

The need for high sensitivity and low noise terahertz detectors is
determined by the relatively low power of applicable terahertz sources
which output is usually in the milliwatt range depending on the fre-
quency [40]. Consequently, requirements for the sensors, in particular
bearing in mind real-time imaging systems become strict and cover
wide dynamic range, operation at room temperature, possibility to
make detector arrays, preference to planar-technology-based solutions.
The detection section in THz imaging setups can be implemented with
a wide variety of sensors, namely Si-CMOS detector arrays [59,74], Si
MOSFET [72,75-77], GaAs FET [78], etc.

Searching for a durable and technologically simple solution, broad-
band asymmetrically shaped n-n+ GaAs THz sensor, was presented in
2003 [62]. These type of sensors are resistant to electrostatic discharge
(ESD) and do not change their properties, even illuminated by a 1 W
electromagnetic radiation power in continuous wave mode. However,
their sensitivity at room temperature is relatively low, about 0.3 V/W,
thus, these detectors can hardly be used in practical implementation
schemes. Later, in 2006, D. Seliuta and co-authors [64] suggested to
use a material with a larger electron mobility, i.e. GaAs can be replaced
by Ing s4Gag 46 As as the active layer material and coupling the processed
structures with a hemispherical silicon lens. Simulation results and de-
tailed electrical characterization of modified /updated bow-tie InGaAs-
based terahertz detectors [66] are presented in [67]. The investigation
revealed that field-effect-induced conductivity modulation, in addition
to carrier heating, can be possible mechanism contributing to the in-
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creased sensitivity, reaching up to 10 V/W of the studied detectors [67].

To develop optimal design from point of view of sensitivity, it is of
particular importance to understand origin of noise sources in given
structures. Noise characteristic investigation is well known as highly
sensitive method allowing to reveal physical processes in various struc-
tures and devices [79-87]. In addition, the low-frequency noise is a gen-
eral indicator of quality and enables also reliability prediction [79,80,82,
83]. On the other hand, the noise level of detector is restrictive factor of
imaging system sensitivity [88].

In this section, comprehensive experimental investigation of the
electrical conduction in IngssGagscAs/InP structures grown in a
various technological conditions is presented. The structures were
dedicated to design and fabricate broadband room-temperature op-
erating THz sensors. Properties of the electrical conduction in n-type
Ing 5s4Gap6As samples were analyzed and detailed low-frequency
noise investigations on temperature were carried out. Obtained results
allowed to reveal origin of physical processes in IngssGagssAs/InP
bow-tie detectors with monolayer of InAs in their interface.

InGaAs layers for the detector fabrication were grown using molec-
ular beam epitaxy (MBE) in Optoelectronic Technology Laboratory in
FTMC, Vilnius, Lithuania. The growth of the layers on semi-insulating
InP:Fe wafers was monitored using reflection high-energy electron
diffraction (RHEED) technique allowing to collect information only
from the surface of the sample due to its shallow penetration depth.
Different In/Ga beam equivalent pressure (BEP) ratios determining
the growth rates at the sample position were chosen to demonstrate
BEP In/Ga ratio effect on the noise level and the sensitivity of THz
detectors. To optimize the growth conditions, the In/Ga BEP ratio was
varied from 2.04 to 2.08.

In Fig. 6.1(a) one can see the overall schematic cross-section of the
InGaAs THz detector.

The Ing 54Gag 46As/InP bow-tie THz detectors with one monolayer of
InAs in the interface between the substrate and InGaAs structure have
been investigated. The device was designed as asymmetric bow-tie an-
tenna with one of two semiconductor leaves metalized [65] to enable

non-uniform carrier heating. The design and geometrical dimensions
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InGaAs (540 nm)

InAs structurally strained interlayer (1-2 ML)

InP:Fe semi-insulating substrate (500 pm)

Figure 6.1: Structure of the bow-tie InGaAs diode for THz detection. a)
Schematic cross-section of fabricated diode. b) A fragment of a completed
sensor in total comprised of 16 bow-tie diode pixels with bonded Au wires.
c) A single bow-tie diode with Au contact pads for bonding. d) AFM image

of active region. e) AFM image of cross-section of active region. Adapted
from [89].
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of the device are given in Fig. 6.2.

The structure for device fabrication was grown using molecular-
beam-epitaxy on InP semi-insulating substrate: monolayer of InAs
and 534-nm thickness Ings54Gag46As over it. Electrical contacts were
made by evaporation of Ti (20 nm) and Au (180 nm), followed by
the annealing at 400°C temperature for 10 s and patterning of a mesa
structure of 1.3 pm height by optical lithography and wet etching [66].

ab a4 a3 . PC .

+ 4
Qum _lE
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' N L |
InGaAs +

Figure 6.2: Schematic view of investigated bow-tie devices and their dimen-
sions (on the left) and the noise measurement circuit (on the right): S is the
investigated bow-tie THz detector; R; is the load resistor; R, is the reference
resistor; LNA is the low-noise amplifier; ADC is the analog-to-digital converter
(National Instruments TM PCI 6115 board); PC is the personal computer; Osc.
is the oscilloscope; Cr is the cryostat (DN 7704); V is the voltmeter. Adapted
from [88].

After growth, the epitaxial layers were studied via series of semi-
conductor characterisation methods to determine the quality of the
grown structure. High-resolution X-ray diffraction (HRXRD) w — 26
scans were performed to determine the crystalline structure, later, the
grown structures were investigated optically. As the tool for studies,
room temperature photoreflectance (PR) spectra (see Fig. 6.3(a))
for the epitaxial InGaAs layers were measured aiming to determine
internal electric field in the structure. It is associated Franz-Keldysh
oscillations (FKO) which in turn indicate the existence of the internal
electric field in the samples. By analysing FKOs (see Fig. 6.3(b)) above
the band edge, it is possible to estimate the strength of the electric field
from electro-optic energy [90]. Evaluation indicates that the strongest
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Figure 6.3: Photoreflectance spectra of InGaAs layers (a), each spectrum
shifted vertically by 1 for clarity; and plots of the quantity (4/37)(E, — Eg)*/?
versus index m of Franz—Keldysh oscillations for epitaxial layers (b). Adapted
from [P2].

electric field — reaching 49 kV/cm — contains the structure B203.

To complete the characterisation, noise characteristics at forward
and backward bias were measured within the frequency range from
10 Hz to 20 kHz varying lattice temperature from 77 K to 300 K.
Experimental set-up for low-frequency noise investigation is given in
Fig. 6.2. As one can see, the set-up is composed of low-noise amplifier,
filter system and analog-to-digital converter (National Instruments
PCI 6115 board). The set-up enabled noise measurements in frequency
range from 10 Hz to 1 MHz [88]. During the measurements, the
load resistance was normally selected to be 30-50 times higher than
the resistance of the sample in order to operate in a constant current
mode. The current-voltage (I-V) characteristics have been measured by
Agilent Semiconductor Device Analyzer B1500A.

Typical low-frequency noise characteristics of investigated bow-tie
diodes at different voltages at room temperature (295 K) with exclu-
sion of thermal noise are presented in Fig. 6.4(a). Results show that
spectrum of voltage fluctuations is close to 1/ f-type spectrum, and the
character of spectrum does not depend on applied voltage value. The
noise spectra for backward direction at room temperature are almost the
same as for forward direction. Voltage fluctuations spectra of 1/ f-type
indicate that the origin of noise in investigated devices at room temper-
ature are due to superposition of charge carrier capture and emission
processes in defects of the interface between InAs and Ing saGag46As
layers.
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Figure 6.4: (a) Voltage fluctuation spectra of bow-tie diode at different forward
voltages at room temperature (295 K). (b) The spectral density of voltage fluc-
tuations dependencies on temperature at different frequencies at forward bias
0.3V.

At low temperature (77 K) operation, noise features changes, asym-
metry becomes pronounced, and voltage fluctuation spectral density at
forward bias is about half an order larger than at backward one. One
can note that the temperature variation suggests an idea that different
recombination centers can be responsible for noise properties of the
devices at different current directions. At higher voltages (> 0.5 V)
the spectral density of voltage fluctuations increases faster than U? due
to increase of differential resistance of the investigated devices. Fig-
ure 6.4(b) displays the spectral density of voltage fluctuations depen-
dencies on temperature at different frequencies. The noise dependen-
cies on temperature have clearly expressed peaks which are proportion-
ally related with sample resistance increase. The noise level peaks ap-
pear at temperature where the effective relaxation time 7, fulfils such
condition 27 fo; Tie pr = 1.

Besides, every measured device had its own collection of
Lorentzians at a particular temperature and applied voltage ranges.
On average, the noise level from device to device was nearly the same.
The variation of noise level from sample to sample is due to the limited
number of active centers in device and their position in the interface
layer between InAs and Ing s4Gag 46As layers. Activation energy, AE, of
charge carrier capture an emission processes was calculated according
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Figure 6.5: Noise equivalent power (NEP) at 0.6 THz (a) and voltage sensi-
tivity (b) In/Ga ratios at 0.3 THz and 0.6 THz frequency with modulation fre-
quency of 1 kHz. Inset in the panel (a) shows the schematic design of the
InGaAs bow-tie diode. Inset in the panel (b) indicates the raster scan of the
0.6 THz beam profile at the focal plane obtained panel with detector B203.
Adapted from [P2].

to Arrhenius law:

AE
Teff = To€Xp <kT> (61)

where T is the absolute temperature. The activation energy values were
found to be in the range from 0.003 eV to 0.063 eV. The values of activa-
tion energy of observed in charge carriers capture and emission pro-
cesses allow us to infer that examined processes can be related to the
presence of the defects in Ings4Gag46As/InP interface layer. The ob-
tained results demonstrate that some structural defects are similar for
all investigated batch of device, and they are responsible for the inten-
sive charge carrier capture and emission processes.

Figure 6.5 depicts the noise equivalent power (NEP) and sensitivity
as a function of current for all types of the studied samples at frequen-
cies of 0.3 THz and 0.6 THz. It is seen that The NEP of the B203 sample
as a function of current (panel (a) of Fig. 6.5) shows weak dependence
at negative bias, and the minimal value of around around 200 pW/ \/Hz
is reached when the current approaches zero value. With the increase
of forward bias the NEP value reaches the maximum value when cur-
rent approaches zero value. With the increase of forward bias the NEP
value reaches the maximal value of 6 nW/ \/Hz at5 pA. It is worth not-
ing that the minimal NEP value obtained here — around 200 pW/, /Hz
—is much smaller than that reported earlier — 4 nW/, /Hz [66] — is
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due to the more optimal growth conditions.

One can note, however, that statistically, sample to sample, the NEP
varies in the range of 200 — 600 pW/, /Hz.

As it is seen, sensitivity of InGaAs bow-tie diodes fabricated from
the wafers B203 and B204 increases with current and reaches 17.5 V/W
and 10V/Wat0.3THzand 12.5V/W and 7 V/W at 0.6 THz, respectively,
at the bias current of 0.2 mA. Higher voltage sensitivity of the detector
B203 is caused by the larger asymmetry in the IV curves and stronger
built-in electric fields in comparison to other studied samples.

Application of the detector B203 for THz imaging is demonstrated
by raster scanning THz beam profile at 0.6 THz plotted in the inset in
Fig. 6.5 (b) which illustrates suitability of the diode for THz imaging
aims.

To finalise, it is reasonable to compare different types of bow-tie
diodes based on different materials. The comparison is given in table
6.1 below. It shows that InGaAs bow-tie diodes fabricated using this
technological approach can be compared favourably with previously re-
ported AlGaN/GaN, AlGaN/GaN, GaAs, InGaAs based detectors both
in sensitivity and NEP.

Detector (sample) R, V/W | NEP, n\W/ \/Hz
InGaAs diode (this work) 10 0.2
AlGaN/GaN HEMT [91] 2.6 0.60

AlGaN/GaN BT [91] 12 0.45
InGaAs BT [68] 10 5.8

GaAs BT [63] 0.3 N/A
AlGaN/GaN nano-HEMT [92] | N/A 5.0

AlGaN/GaN TeraFET [93] N/A 0.042

Table 6.1: Comparison of responsivity (R) and noise equivalent power (NEP)
values of THz radiation detectors. N/A — data not available. Adapted from
[91].

In conclusion, InGaAs layers grown by molecular epitaxy with beam
equivalent pressure In/Ga ratio equal to 2.06 is found to be the most
suitable for fabrication of room temperature bow-tie THz detectors ex-
hibiting sensitivity in the range of 10 V/W and noise equivalent power
below 1 nW/ \/Hz at 0.6 THz due to strong built-in electric field effects.

The results of effect of InGaAs bow-tie diode growth conditions,
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characterization and sensing performance characterization were pub-
lished in P2.
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7. FIBONACCI (BIFOCAL) IMAGING

Practical usage of compact THz imaging and spectroscopy systems
in real outside laboratory environment still meets significant obstacles.
One the main hurdles is a challenging need to overcome low THz
emitters power issue, which in optoelectronic photoconductive THz
systems, as a rule, is in the range of microwatt, while in the case of
compact, electrically pumped THz emitter, e. g., room-temperature
quantum cascade lasers, it does not exceed mW scale [94]. Exciting
development in increasing sensitivity and reducing noise equivalent
power (NEP) of THz sensors, for instance, in microbolometers [8]
and nanometric field effect transistors [95,96] can, in principle, partly
compensate this difficulty. However, these technological achievements
do not provide satisfactory solutions for practical implementations of
THz imaging systems — effective operation requires not only reliable,
compact design of optical elements and their alignment-free solutions
— to deliver a versatile application of the system one needs to have
an option to engineer the THz optical beam varying focus shape in
accordance to the requirements of an implementation task.

In this section, we suggest, discuss and demonstrate advantages of
so-called Fibonacci or bifocal THz imaging at 0.6 THz based on silicon
diffractive zone plate fabricated by laser ablation technology [50]. We
show that Fibonacci or bifocal imaging can be realized using monochro-
matic THz light via specially designed zone plate. Zone plates mod-
elled by three-dimensional finite-difference-time-domain method dis-
played bifocal focusing operation. Features of the performance were
investigated both theoretically and experimentally via spatial beam pro-
files, the distance between the foci and the focal depth at frequencies of
0.3 THz and 0.6 THz. Terahertz images of various packaged objects at
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Figure 7.1: Schematic illustration of the tomographic imaging with a Fres-
nel lens. Targets at various locations along the beam propagation path are
uniquely imaged on the same imaging sensor plane with different frequen-
cies of the imaging beam. Three plastic sheets were cut with different patterns
placed 3 cm, 7 cm, and 14 cm away from the Fresnel lens. The multiple patterns
are imaged on the sensor at a distance of 6 cm from the Fresnel lens, with in-
verted tomography images of the patterns at the frequencies of 0.75 THz, 1.24
THz and 1.57 THz, respectively. The measured image size is determined by the
frequency dependent magnification factor, which is defined as z’/z. Reprinted
by permission from Springer Nature Customer Service Centre GmbH: T-ray
imaging and tomography, Journal of Biological Physics, S. Wang et al. [97],
©2003

0.6 THz frequency were simultaneously recorded with the spatial reso-
lution of the wavelength in two different planes of the packaged volume.

As it is known [97], the focal length of a Fresnel lens is linearly pro-
portional to the frequency of the light illumination:

}’2 I"2
— PPy 7.1

where rlz, is the Fresnel zone period with a dimension of area, A is the
wavelength, c is the speed of light, and v is the frequency. The focal
length fy is linearly proportional to frequency v.

Femtosecond-lasers based optoelectronic THz time-domain systems
using even different materials for THz generation, as a rule, exhibit
broadband spectra of THz radiation [98]. This unique property of THz
time-domain systems allows tomographic imaging of a target using
multiple frequencies. In other words, using a Fresnel lens at different
frequencies of the imaging beam, it is possible to image the objects
at various positions along the beam propagation path onto the same
imaging plane as it seen in Fig. 7.1.
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Figure 7.2: Scheme for the construction of the radial profile of a Fibonacci zone
plate from Fibonacci sequence. (a) Generation of Fibonacci structures based
on the Fibonacci sequence according to the rule S;.; = {S; S;_1}. (b) A bi-
nary (0, ) phase function, ®;({) is constructed from a previously generated
Fibonacci structure. (c) A nonuniform mapping function. (d) Resulting phase
radial profile on the lens. Adapted from [100].

This procedure enables the reconstruction of an object’s tomo-
graphic contrast image by assembling the frequency-dependent
images.

In this section, the aforementioned concept was converted into the
continuous wave and discrete frequency operation mode via engage-
ment of a Fibonacci diffractive lenses. In contrast to recently presented
3D-printed diffractive THz lenses [99], we demonstrate design, oper-
ation, and high-resolution imaging of a high-resistivity silicon-based
Fibonacci lens for 0.6 THz frequency. The focusing performance and
engineered beam features were investigated theoretically and experi-
mentally by measuring spatial profiles, the distance between the foci
and focal depth at 0.3 and 0.6 THz. The ability to perform simultane-
ous imaging with the wavelength resolution of two planes separated by
a 7 mm distance was experimentally revealed. The multifocal imaging
results were compared with the performance of the phase zone plate
designed of the same diameter and material.

The Fibonacci lens design relies on the Fibonacci sequence principle
when the next number of the sequence is obtained adding up the two
preceding ones:

{0,1,1,2,3,5,8,13,21,34,. . . }.
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Figure 7.3: The photo of the silicon Fibonacci lens for 0.6 THz and its cross-
section profile of laser ablated grooves in the silicon surface. Adapted from
[PR2].

Based on the Fibonacci numbers, a binary periodic Fibonacci struc-
ture can be composed indicating that each element of the sequence is
found as the concatenation of the two previous elements.

Fibonacci sequence has been employed in the development of differ-
ent photonic devices [101], and spiral zone plates [102]. It was shown
that Fibonacci lenses are inherently bifocal with the ratio of the two focal
distances approaching the golden mean [100]:

¢ = lim F;/F;_1 = (1+V/5/2) ~ 1.61803... (7.2)

Based on the Fibonacci numbers, a binary aperiodic Fibonacci se-
quence can also be generated of the sequence is obtained simply as the
concatenation of the two previous element with two seed elements as
shown in Fig. 7.2. For example, S; = {A} and Sy = {B}. Then, each ele-
mentS; 1 ={S; Sj_1}. Therefore, S, = {AB}, S3 = {ABA}, S4 = {ABAAB},
Ss = {ABAABABA}, etc.

The design of the lens was constructed using the Fibonacci sequence,
i. e. the next number of the sequence was obtained, adding up the
two preceding terms F(n) = F(n— 1)+ F(n —2), where F(0) = 0 and
F(1) = 1. In optical language, the Fibonacci lens structure represents
itself as a sequence in which every next element is determined as the
concatenation of the two previous elements resulting in a non-uniform
structure with the radial profile [100].

We extend the given concept using silicon diffractive optics ap-
proach calculating electric field distribution in a space after the
bifocal diffractive silicon zone plate using the three-dimensional finite-
difference-time-domain (3D FDTD) method [71]. The normalized
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Figure 7.4: Experimental demonstration of 0.6 THz radiation beam profiles fo-
cusing evolution along the beam propagation path. The cross sections rep-
resent the beam change in the focal plane direction. The distance between
cross sections is 1 mm. 2D images consist of 66 x 67 pixels. Pixel size,
0.1 mm x 0.1 mm. The dashed line represents the cross section position in
the xz plane.

electric field was calculated in the whole simulation volume varying
the spatial resolution from 0.01 to 0.115 mm. To simplify the simula-
tion, symmetry conditions of the structure were brought into action,
and the absorbing boundary conditions were set in all the directions.
Silicon as a highly efficient material for phase Fresnel lenses [50] was
chosen for the Fibonacci (bifocal) lens fabrication. More specifically,
monocrystalline silicon orientation (110), with resistance 0.01-1MQcm
and refractive index 3.46 was used to produce a lens with the outside
diameter of 24 mm. The lenses were made-up via direct laser writing
technique based on industrial-scale laser-direct-write (LDW) system
using a 1064 nm wavelength, 13 ps duration pulse, 1 MHz repetition
rate, and a 60 uJ peak energy laser (Atlantic 60 from Ekspla Ltd.) [50].

The photo of the silicon Fibonacci lens for 0.6 THz and its cross-
section profile of ablated grooves in the silicon surface are given in
Fig.7.3. Nonuniform structure of the lens is clearly visible; cross-section
profile indicates that the ablated grooves near the center and the edge
of the diffractive element are nearly equally ablated to the depth of
100 pm.

Experimental demonstration of the Fibonacci focusing at 0.6 THz is
presented in Fig. 7.4.

The THz radiation delivered by an electronic multiplier source was
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Figure 7.5: Normalized THz radiation power distribution along (a) z axis and
along (b) x axis at the 1st and 2nd focus measured for 0.6 THz frequency ra-
diation. The unfocused relatively scaled 0.6 THz radiation profile is depicted
for comparison. The THz power distribution for 0.3 THz is depicted along (c)
z axis and (d) x axis where it is compared with the distribution along x axis
for 0.6 THz measured at the 1st focus. Red solid lines in panels (a) and (c) are
the results of simulation using 3D FDTD method. Adapted from [P3].

collimated by a 12 cm focal length high-density polyethylene lens and
recorded by a resonant THz antenna-coupled microbolometer detec-
tor [8]. The distribution along the beam propagation direction revealed
two clearly resolved foci, at 6.7 and 13.4 mm away from the lens, lo-
cated at positions determined by the Fibonacci numbers. One can note
that Airy disks were observed between the first and the second focal
spots. The distance between the foci and the focal depth at frequencies
of 0.3 THz and 0.6 THz confirmed the origin of the Fibonacci lens per-
formance. Both experimental and 3D FDTD simulation results of THz
beam power distribution along both x and z axes formed by Fibonacci
lens are presented in Fig. 7.5.

Terahertz images of objects given in Fig. 7.6.(a) at 0.6 THz are dis-
played in panels (b) and (c). Results show that using multilevel phase
Frenel lens the THz images of good quality (signal-to-noise ratio, SNR,
is more than 800) can be recorded aligning imaging to relevant foci. It
is clearly seen from panel (b), when the focus is tuned to the first plane,
it enables to image objects in the first plane, even pencil-written letters
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Figure 7.6: THz images at two planes, separated by 7 mm spacer obtained si-
multaneous recording at 0.6 THz. Photos of the sample (a). THz images at 0.6
THz obtained using conventional zone plate: image focused on the 1st plane
(b) and focused on the 2nd plane (c). Images obtained using bifocal zone
plate: optimal image taken by moving the sample along z-axis to achieve the
best contrast in both sample planes (d) and image taken at the highest contrast
in the 2nd plane contrast (e). Positions of signal amplitudes used for SNR cal-
culations are represented as white lines with dots. Reprinted from [P3].
©2018 Optical Society of America.
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“FTMC” are evidently resolved. However, the image quality of the ob-
jects placed in the second plane is not tolerable — images are blurred
and SNR is in the range of 40. A similar picture was obtained with the
tuning to the second plane.

In contrast, in the bifocal lens case, THz image was recorded collect-
ing the THz light from both foci in a single scan. Results are shown in
Fig. 7.6(d). Since both planes are in focus now, all the objects placed
in both planes as well as pencil-written letters “FTMC” are clearly re-
solved. S/N ratio in the first and the second foci is, respectively, in the
order of 1500 and 300.

For comparison, at the same recording conditions, the imaging sys-
tem was tuned for collection of the THz radiation just from the second
focus of the bifocal zone plate in order to compare the resolution with
the conventional Fresnel lens. If compare image given in Fig. 7.6(e) with
that in Fig. 7.6(c), one can see that second sample plane spatial resolu-
tion is comparable to the conventional zone plate image, while the im-
age resolution in the first plane is strongly decreased. It allows to infer
that two-plane THz imaging can be performed using a Fibonacci (bi-
focal zone) plate reaching simultaneous wavelength resolution in both
foci.

Spatial resolution in the bifocal recording was estimated to be of 1.6
factor of wavelength, i.e. 1.6 x 4.

Hence, we enriched the previously reported [49] arsenal of tools to
engineer THz beam profile in imaging experiment opening thus new
area for spectroscopic THz imaging applications [69].

In conclusion, Fibonacci or bifocal terahertz (THz) imaging based
on silicon diffractive zone plate in a continuous wave mode at 0.6 THz is
demonstrated both theoretically and experimentally. Zone plates were
simulated using the three-dimensional finite-difference time-domain
method. Silicon as a low absorbing material was used in the laser
ablation process to fabricate the Fibonacci structures. To illustrate the
Fibonacci focusing, the performance was studied both theoretically and
experimentally by determining spatial profiles, the distance between
the foci and the focal depth at frequencies of 0.3 THz and 0.6 THz.
Terahertz images of various packaged objects at 0.6 THz frequency
were simultaneously recorded with the spatial resolution of wave-
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length in two different planes separated by 7 mm distance. Imaging
performance using the Fibonacci lens is compared with the operation
of the conventional silicon phase zone plate.

Results on Fibonacci focusing performance were published in article
[P2].
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8. DBESSEL ZONE PLATES FOR THICK OB-

JECT IMAGING

Narrow depth of field is one of the most critical properties of
imaging systems that determine whether the object is in focus or is
blurred in the resulting image. Next step in evolution of facilities of
bifocal Fibanacci THz imaging [P3] to a system that would not be
constrained by predefined focal lengths and would allow significantly
less precision in sample placement is to extend the focus of the systems.
In other words, arrangement of Bessel beams can be possible solution
for the mentioned issues. Bessel beam has a remarkable property that
it does not diverge with propagation in the z direction and maintain
an unreduced transversal distribution as the beam propagates in a
non-diffractive way.

In particular, it is important in postal security applications where
there is a strong requirement to scan and identify content of thick pack-
aging objects. One can note that the thickness of conventional post pack-
ages can vary from several millimeters up to 20 mm. Hence, to provide
correct inspection, it is essential to have a possibility to change the focus
distance or to engineer the THz optical beam so that the image quality
cannot be strongly affected even if objects are spatially distributed in a
bulky and relatively thick volume.

In experiment and in practical implementation, an axicon can be
used to generate quasi-Bessel beam, almost non-difracting beam within
the depth of field (DOF) of the axicon. In visible range, unique non-
diffracting nature of Bessel beams is applied in a variety of areas such
as different types of microscopy [105-107], laser ablation [108, 109],
etc. While Bessel beam generation in THz range was demonstrated in
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Figure 8.1: Steps to transform bulk axicon into a diffractive Bessel zone plate.
(a) A bulk axicon. (b) An axicon with the unwanted material (red part) re-
moved. (c) An equivalent axicon with continuous profile. (d) An equivalent
diffractive Bessel zone plate (BZP) quantized into four levels. (d) An equiva-
lent binary axicon. Adapted from [103].

0.0

3 0 3
X (mm)

Gaussian Axicon Bessel

beam Beam

Figure 8.2: (a) Bessel beam formation from incoming Gaussian beam by axicon
(adapted from [104]).(b) Beam intensity distribution xy scan at the center of
the Bessel zone formed by Bessel zone plate at 0.6 THz.
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Figure 8.3: Comparison of diffractive beam focusing element power distri-
bution along z axis at 0.6 THz frequency. a) Experimental results of multi
level Fresnel zone plate [50] with 4 phase quantization levels and 10 mm focal
length, b) experimental and simulation results of bifocal Fibonacci diffractive
element and c) experimental and simulation results of Bessel zone plate.

free THz tomography [110], detection of insects in flour [111], etc., the
Gaussian beam was converted into the Bessel beam using bulk axicons.
As one of the aims of contemporary optical systems is overall compact-
ness bulk axicons [112], one needs to reduce their dimensions. It can
be done by replacing conventional bulk axicons into a diffractive Bessel
zone plate (BZP) [103].

A classical bulk axicon was first introduced by McLeod in 1954 [113]
asillustrated in Fig. 8.1(a), where D is the aperture diameter and y is the
prism angle. As with other optical lenses bulk axicon profile can be well
approximated with discrete axicon, whose performance is equivalent to
that of the bulk axicon.

In the given chapter, thin and compact Bessel zone plates (BZP)
based on silicon multi-phase diffractive optics is suggested to engineer
the THz optical beam. The BZP design was calculated to be used with
0.6 THz source in transmission geometry. Designed zone plate was
simulated employing three-dimensional finite-difference time-domain
(3D FDTD) modeling method. The Bessel zone plate producing 10 mm
depth of field can be suited for compact solutions in security-oriented
THz imaging systems. A design THz focusing Bessel zone plate with

dimensions of 20 mm x 20 mm x 0.5 mm (WxHxD) was based on sili-
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Figure 8.4: (a) Bessel zone plate design and its cross-section of the central part
with marked dimensions in microns of four phase quantization levels. (b)
The photo of thin silicon-based Bessel diffractive element for the 0.6 THz. (c)
3D reconstruction of the zoomed area in the center part displays ablated and
polished silicon surface, i indicates places where groove depth was measured
using Hirox digital microscope. Reprinted from [P4].

con. It intends to resolve a problem of focusing THz beam into desired
areas when the sample is thick.

Optical setup was based on idea of use of two identical axicons [113]
(in this case BZPs) to form a Bessel beam with the first BZP and to use in
the experimental setup the second BZP for enhanced imaging purposes
in terms of increased compactness. The discrete axicons containing 4
phase quantization levels were fabricated from a high-resistivity sili-
con by employing laser ablation technology allowed to extend the focal
depth up to 20 mm with minimal optical losses and refuse employment
of bulky parabolic mirrors in the imaging set up.

To illustrate the quality of the Bessel THz imaging, a specially
designed stack of targets for thick media imaging measuring
30x60x3 mm? was 3D printed with PLA filament using Ultimaker 2
printer. Figure 8.5(a) demonstrates principle of the imaging procedure,
where the object, with thickness varied from 3 mm to 12 mm, was
placed between two silicon BZP, i. e. no parabolic mirrors were em-
ployed in focusing of collimated beam onto the sample and collimating
the transmitted radiation. For comparison, the same imaging proce-
dure was also performed using conventional multilevel phase Fresnel
lens with f = 10 mm and P = 4 characterized in Fig. 8.3(a). Imaging
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Figure 8.5: (a) Part of Bessel imaging setup displaying object under test placed
between two silicon BZP. (b) and (c) — Stacks of 1 to 4 identical targets were
imaged using Bessel zone plates and conventional MPFL, respectively, aiming
to evaluate THz imaging performance of thick objects. (d) Beam profiles at
y=17 mm (position is marked as dashed black line in (b) and (c) of obtained
images using BZP. (e) MPFL beam are shown for comparison. Reprinted from
[P4].

results of the different sample thicknesses using Bessel zone plate
and MPFL are given in Figs. 8.3(b) and 8.3(c). Varying the content of
the stack from 1 to 4 identical targets, the Bessel imaging advantage
is revealed via obtained horizontal profiles up to stack thickness of
12 mm in Figs. 8.3(d) and 8.3(e). As we can see in Figs. 8.3(d) and
8.3(e), in the case of 3 mm aperture and thickness of 1 sample SNR = 8
is achieved with multilevel phase Fresnel lens while SNR = 4 was
obtained with BZP is worse due to self-healing effect [114] and much
longer depth of field of Bessel beam. The advantage of BZP appears
when the stack is composed of 2 or more samples: SNR achieved with
BZP increases from 2 to 4 times better values than multilevel phase
Fresnel Ines.

Additionally, up to 5-fold enhanced contrast and increased resolu-
tion up to 0.6 A by applying deconvolution algorithms can be achieved
in the recorded images.

To conclude, Bessel terahertz imaging of thicker than 10 mm objects
using silicon multi-phase diffractive elements in continuous wave mode
at 0.6 THz was designed and experimentally demonstrated. Discrete
axicon containing 4 phase quantization levels manufactured from high-

54



resistivity silicon wafer allowed to extend the focal depth up to 20 mm
with minimal optical losses permitting significantly less precise imag-
ing sample placement in the optical axis. Furthermore, deconvolution
algorithms allowed for up to 5-fold enhanced contrast and increased
resolution up to 0.6 A in the recorded images. Simulated focusing per-
formance of Bessel zone plates using three-dimensional finite-difference
time-domain method agreed well with experimental data.

The results on BZP design and imaging performance was published
in [P4].
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9. IMAGING WITH SPATIAL FILTERING

METHODS

As was mentioned above, THz imaging can serve as a versatile in-
strument to disclose contents of various packages or discriminate its
constituents. The image itself can be recorded using differently engi-
neered optical beam — either focused or collimated. The first method
allows so called raster scan — THz images come from scanning the ob-
ject with the focused beam and registering the focused radiation on the
detector making thus induced signal much larger. Quality of the image
can be good due higher signal-to-noise ratio. However, the time needed
to record the image pixel-to-pixel can be relatively long, in particular, if
there is a need to resolve weakly absorbing objects or discriminate them
in a packaged stuff.

As one of the possible compact solutions for sources in subTHz
range can be advanced by SiGe bipolar CMOS (BiCMOS) devices
operating at 60 GHz that are more widely adopted for automotive
radars [115]. They also can serve in wireless internet service or in
unlicensed 5G cellular communication [116] Also, semiconductor
industry is planning mass production of higher frequency subTHz
devices [117] and, furthermore, the fact that current state of the art
research SiGe BiCMOS devices reach higher than 60 mW output
power at frequencies higher than 200 GHz [118,119] as well as rapid
development of CMOS based THz detector arrays [32,120] pave way
for cost effective THz imaging using the second method — usage of
collimated beams — which would allow real-time imaging as whole
object images can be captured without raster scanning. Additionally,
collimated beams employment will require uniform illumination of
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Figure 9.1: Schematic view of two-dimensional object, lens, Fourier plane and
the resulting two-dimensional image positions relative to focal length f of the
lens.

the the whole area [121,122] which, as a consequence, will introduce
precise adjustment challenges. Moreover, apertures of imaging optical
elements need to be large in comparison with diameters of optical
elements and propagation distances. Therefore, novel optical solutions
are needed both in optical beam engineering as well as design and
manufacturing compact optical elements with large aperture sizes and
reasonable focal lengths.

In what follows, we introduce spatial filtering methods into THz
imaging employing both single pixel and arrays of the sensitive
antenna-coupled titanium-based microbolometers [8].  Terahertz
images of low absorbing objects are under unfocused THz illumination
at 0.3 THz frequency. Spatial filtering methods — dark field and phase
contrast — are used to create a THz image of object inducing phase
changes (uniform amplitude). These methods differ in principles and
type of the filter; however, all of them permit to create an intensity pat-
tern corresponding to phase changes in the object. The phase contrast
method enables linear mapping between phase shift introduced by the
object and recorded intensity pattern.

Spatial filtering methods are well known in microscopy [123]. Con-
ventional or in microscopy usually called the bright field image is usu-
ally widely applied if objects under test exhibit strong absorption. The
dark field imaging enables good contrast for sub-resolution features,
since it only captures high-angle scattered light. Meanwhile, the phase
contrast is mostly suitable for weakly absorbing or transparent samples.
For instance, in biology, where it allows visualization of shape and den-
sity variations.

Spatial filtering requires special type of filter that must be inserted
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Figure 9.2: Principal scheme of spatial filtering imaging set up for 0.3 THz,
where Lens 1 - HDPE lens with f = 12 cm, Mirror 1, Mirror 2 — gold plated flat
mirrors, sample, Lens 2 — TPX lens with f = 6 mm, Filter — (1): @ 2 mm circle
shaped four paper sheets, (2) — @ 2 mm circle shaped aluminum foil, OAP -
off axis parabolic mirror with f = 5 cm. Adapted from [P5].

in the Fourier plane in the used imaging system, and it will affect
only some spatial frequencies of the Fourier spectrum of the object.
Schematic view of two-dimensional object, lens, Fourier plane and the
resulting two-dimensional image positions relative to focal length f of
the lens is shown in Fig 9.1.

Experimental scheme to record THz images using spatial filtering is
given in Fig. 9.2.

The dark field imaging [124], schlieren imaging [125] and phase
contrast imaging [126,127] uses different type of filters as specified be-
low.

Two types of filters were used in the experiments: the filter 1, con-
sisting of 2 mm circle shaped four paper sheets, was a phase filter intro-
ducing a phase retardation of 7/2 only in the central part of the Fourier
spectrum and enabling thus to create an image using phase contrast
method; second one, filter 2, circle shaped aluminum foil of 2 mm di-
ameter, was an amplitude filter, blocking low spatial frequencies, which
resulted in creating an intensity image of phase object having dark back-
ground (which is related to removal of low spatial frequencies). Photos
of the filters are given in Fig. 9.3(e).

We concentrated ourselves to the case of low absorbing or transpar-
ent samples, when the object observation and registration of its internal
structure grow into a tremendous challenge. It is related to the fact that
power detectors record intensity of the radiation which suffers almost
no observable change in the given circumstances, and the shift of the
phase of incident radiation becomes a single quantity to be recorded.
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Figure 9.3: Photo of the sample with plastic substrate film, it consists of: (1)
metal, (2) rubber, (3) paper towel, (4) napkin, (5) sponge, (6) sponge with
metal wire inside, (7) plastic (from 1 to 4 layers), (8) aperture g4 mm, (9)
dots, made of silicone, acrylic and wax (a). Direct raster scan image of the
sample at 0.3 THz (b). Phase contrast images obtained using filter 1 (¢) and
filter 2 (d). THz image pixel size: 0.3 mm x 0.3 mm; images consist of 292 x
190 pixels. Photo of phase filters (e): filter 1 (4 sheets of paper & 2 mm), filter
2 (aluminum foil @ 2 mm). Adapted from [P5].

Sample photo and its direct image as well as two corresponding in-
tensity images of phase objects are shown in the corresponding panels
(a—d) of Figure 9.3.

It can be easily seen that even direct imaging nicely resolves shapes
of all the objects under test. Deeper insight allows to infer that trans-
parent objects like sponge (5 and 6) and paper tissue (4) are much bet-
ter visible in case of phase contrast method (filter 1), whilst dark field
method (filter 2) gives much better results for imaging of thin rubber
glove (2), where we can clearly see edges of the rubber shape.

Therefore, spatial filtering methods — phase contrast and dark field
methods - can be applied in large aperture THz imaging to resolve
weakly absorbing objects in subTHz range using sensitive room tem-
perature detectors, for instance, titanium-based microbolometrers. The
images of weakly absorbing objects were recorded in unfocused light
at 0.3 THz frequency using circle shaped paper sheets as filter in phase
contrast and circle shaped aluminum foil in dark field experiments.

In conclusion, terahertz spatial filtering was shown to be useful op-
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tical beam engineering tool in THz imaging enabling to resolve and dis-
criminate weakly absorbing or nearly transparent objects in THz range.
The results of spacial filtering method were published in [P5].
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10. MaiN Resurts AND CONCLUSIONS

1. It is shown that homodyne phase-shifting scheme can be realized
in a simple way by varying the number of office paper sheets in the
optical path. It is shown that homodyne THz imaging can serve
as a convenient imaging tool to screen low-contrast suspicious in-

clusions in textiles.

2. Different technological conditions for the InGaAs devices fab-
ricated from InGaAs layers grown by molecular beam epitaxy
(MBE) on semi-insulating InP substrate are considered. It was
shown that structures exhibit presence of strong built-in electric
tields reaching up to 49 kV/cm, which were derived from the
photoreflectance spectra.

3. It was demonstrated that for bow-tie InGaAs diodes the spectral
density of voltage fluctuations at room temperature is found to
be proportional to 1/f, while at lower temperatures, 77-200 K,
Lorentzian-type spectra dominate due to random telegraph sig-
nals caused by individual capture defects.

4. The obtained results revealed effect of InGaAs layers grown at dif-
ferent beam equivalent pressure (BEP) In/Ga ratios on the low-
frequency noise level and the sensitivity of the THz detectors. It
was determined that THz detectors grown with BEP In/Ga ra-
tio equal to 2.06 is the most suitable choice to fabricate sensitive
InGaAs bow-tie diodes for room temperature operation enabling
thus sensitivity in the range of 10 V/W and noise equivalent power
below 1 nW/ \/Hz at 0.6 THz.

5. It was shown that compact Fibonacci (bifocal) terahertz imaging
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10.

can be realized using monochromatic THz light sources using
diffractive silicon lenses. The focusing performance was silicon
phase plates with different quantisation levels were studied both
theoretically and experimentally by measuring spatial profiles,
the distance between the foci and focal depth at 0.3 THz and
0.6 THz frequencies. The obtained results are compared with
relevant data using multilevel phase Fresnel lens.

Simultaneous imaging with the wavelength resolution of two
planes separated by a 7 mm distance was experimentally demon-
strated at 0.3 THz and 0.6 THz frequencies. The multifocal
imaging results were compared with the performance of the
phase zone plate designed of the same diameter and material.

Thin and compact Bessel zone plates based on silicon multi-phase
diffractive optics were designed, produced and demonstrated in
the THz transmission imaging system.

A novel experimental setup using two Bessel zone plates for en-
hanced imaging purposes and increased compactness was sug-
gested. The discrete axicons containing 4 phase quantization lev-
els were fabricated from a high-resistivity silicon by employing
laser ablation technology allowed to extend the focal depth up
to 20 mm with minimal optical losses and refuse employment of
bulky parabolic mirrors in the THz imaging set up.

Compact THz imaging system reveals possibility to inspect objects
of more than 10 mm thickness with enhanced contrast, weak de-
pendence on the sample thickness and position due to long focal
depth as well as increase its resolution up to high level by applying
the deconvolution algorithms.

Spatial filtering methods — phase contrast and dark field — can be
applied in large aperture THz imaging to resolve weakly absorb-
ing objects in subTHz range using sensitive room temperature de-
tectors, for instance, titanium-based microbolometrers. The im-

ages of weakly absorbing objects were recorded in unfocused light
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at 0.3 THz using circle shaped paper sheets as filter in phase con-
trast and circle shaped aluminum foil in dark field experiments.
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13. SANTRAUKA

13.1 Jvadas

Kalbant apie nematomas $viesos — arba elektromagnetinés spinduliuoteés
- spektro dalis dazniausiai galvojama apie rentgeno spinduliuote, naudojama
rentgeno nuotrauky fiksavimui medicinos srityje ir kroviniy turiniui tikrinti
saugumo srityje. Tai naudinga priemone, leidzianti pazvelgti j akimi neper-
matomy objekty vidy, pvz., identifikuoti paveiktus Zmogaus kiino audinius
ar iSskirti bagaZo turinj. Nepaisant privalumy, rentgeno spinduliai yra Zalingi
zmogaus kiinui ir kitoms gyvoms biitybéms dél spinduliuotés jonizuojancio-
sios prigimties [1,2]. Kita vertus, mazo tankio (pvz., drabuziy, plastiky,
popieriaus ir pan.) aptikimas rentgeno spinduliuote yra sudétingas, tad reikia
ieskoti kity technologijy. Viena tokiy technologijy yra teraherciné (THz)
spinduliuoté (1 THz yra 10'? Hz), kuri prasiskverbia per akimi nepermatomas
medZiagas be nepageidaujamo poveikio gyviems organizmams.

THz daZniai apima diapazong nuo 100 GHz iki 10 THz. Tai ypatinga elek-
tromagnetinio spektro vieta — tarp mikrobangy ir infraraudonyjy spinduliy —
kurioje prietaisy kiirimui reikia sujungti gana skirtingas sampratas — klasikine
krtavininky pernasa ir kvanting mechanika. Kita vertus, THz ruoZas daugelyje
sriciy atvéré daugybe pritaikymo galimybiy — be saugumo [3-5] ir medici-
nos [6-8] taikymy, THz ruoZa galima taikyti pramonés tikslams [12], pladia-
juoscio rysio sistemoms [13,14], radarams [15,16], cheminiy junginiy [17] bei
bakterijy atpazinimui [18], skirtingy supakuoty medZziagy iSskyrimui [19,20]
ir kokybés kontrolei [21].

Viena svarbiausiy THz technologijos vystymo sric¢iy gali bati laikoma
THz vaizdy fiksavimas (arba vaizdinimas), kuris yra labai veiksmingas
jrankis saugumui ir medicinai. Nuo pirmojo proverZio su B. B. Hu ir
M. Nuss [22] darbu THz vaizdy fiksavimas buvo Zenkliai patobulintas
technologiskai [9, 23, 24], taip pat iSvystyti aktyvis ir pasyviis komponentai
bei iSpléstas taikymy spektras.

Svarbu paminéti dvi THz vaizdy fiksavimo taikomyjy tyrimy kryptis.
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Pirmoji apima inovacijy ir taikymy vystymg bei demonstravimg mokslinése
laboratorijose; antroji nagrinéja taikymus realiomis veikimo sglygomis uz
laboratorijos riby. Pirmu atveju optiniy elementy dydis, jy derinimas ir
net veikimo temperatiiros palaikymas yra savaime suprantami, o realiomis
salygomis veikianciose sistemose komponenty derinimo neturi reikeéti, sis-
temos dydis privalo baiti minimalus, jos turi veikti placiame termperatiiry
rézyje. Taigi, matmeny maZzinimas ir orientavimasis j vienlus¢ius (angl.
on-chip) sprendimus emisijai ir pluosto formavimui bei detekcijai ir optinei
sasajai lieka vieni pagrindiniy uzdaviniy sistemy taikymams. Todél THz
vaizdy fiksavimo sprendimai puslaidininkiy pagrindu ir jy matmeny maZi-
nimas naudojant difrakcinés optikos komponentus vietoje jprasty masyviy
paraboliniy veidrodziy yra vieni pagrindiniy uzdaviniy taikymams uz
laboratorijy riby [25,26].

Sis darbas ir skiriamas kompaktisky THz vaizdy fiksavimo sistemy
ktirimui naudojant optinio pluosto valdymo principus, kurie leisty priartinti
jas prie jdiegimo esant tikros aplinkos salygoms. Pirmiausiai THz pluosto
valdymui mes naudojome homodinine detekcijos schemg su fazés keitimu
efektyviems, prieinamiems ir tuo paciu nesudétingai jgyvendinamiems
sprendimams, patikimam homodiniam THz vaizdy fiksavimui; antra, naudo-
dami difrakcinés optikos komponentus pagamintus i§ aukstos varZzos silicio
kaip THz pluosto valdymo jrankius mes parodéme, jog jie yra tinkami THz
vaizdy fiksavimo sistemy matmeny mazinimui iSlaikant galimybe i$skirti
maZai spinduliuote sugeriancius objektus sudétus j pakuotes, atitinkancias
jprasty pasto siuntiniy dydj.

13.2 Darbo tikslas

Pagrindinis disertacijos tikslas yra kompaktiniy spektroskopiniy tera-
herciniy vaizdy fiksavimo sistemy vystymas, charakterizavimas ir panaudoji-
mas, jdiegiant optiniy pluosty inZinerijos principus.

Tikslas yra dvilypis.

Pirma, sukurti ir charakterizuoti patikimg kompaktiska THz homodinine
vaizdy fiksavimo schema siekiant rasti sprendimus, kurie biity nasts ir biity
prieinamos kainos.

Antra, taikant THz pluosto valdymo jrankius - silicio difrakcinés optikos
komponentus — sukurti ir charakterizuoti kompaktiskg THz vaizdy fiksavimo
sistemg, leidZiancig atskleisti ir i§skirti silpnai THz spinduliuote sugeriancius
objektus pakuotése.

Tikslas gali biiti skaidomas j toliau iSvardintus uzdavinius.
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13.3 Darbo uzdaviniai

1. Sukurti prieinama nasig kompaktiska THz homodinine vaizdinimo sis-
temg naudojant patikimus peteliskés tipo diodus ir jg palyginti su al-
ternatyvia heterodinine THz vaizdy fiksavimo technika maZzai spinduli-
uote sugerianciy objekty aptikimui.

2. Istirti ir charakterizuoti sistemos veikimg 0,3 THz ir 0,6 THz dazni-
uose, nustatyti signalo-triukSmo santykius bei dinaminj diapazong;
apsvarstyti prieinamus nasius sprendimus fazés postamiui.

3. I8tirti molekuliy pluosteliy epitaksinio auginimo salygy poveikj In-
GaAs/InP sluoksniams, skirtiems ,peteliskés” tipo diody gamybai,
ir nustatyti optimaly auginimo rezimg atsizvelgiant j InGaAs diody
parametrus.

4. Suprojektuoti, pagaminti ir istirti silicio difrakcine optika paremtus bi-
fokalinius THz le$ius.

5. Panaudoti sukurty silicio bifokalinj THz le§j THz vaizdy fiksav-
imui, pademonstruoti vienalaikj keliy Zidiniy THz vaizdy fiksavima,
charakterizuoti ir jvertinti sukurtos THz vaizdy fiksavimo sistemos
pagrindinius parametrus.

6. Sukurti difrakcinius THz lesius, skirtus Beselio THz vaizdy fiksavimui
su iki 20 mm iSpléstu zidinio gyliu, tinkamg pasto siuntose esanciy ob-
jekty vaizdy fiksavimui.

7. Pademonstruoti tik silicio optika naudojantj Beselio THz vaizdy
fiksavimg; nustatyti signalo-triukSmo santykius bei dinaminj diapa-
zong; jvertinti prieinamus nasius sprendimus kontrasto gerinimui bei
palyginti su jprastiniu THz vaizdy fiksavimu.

8. Valdyti THz pluosta naudojant erdvinio filtravimo metodus ir tai
pritaikyti THz vaizdinimui; atskleisti pranasumus lyginant su kitais
pluosty valdymo metodais; nustatyti detektoriy parametrus reikalingus
tokio tipo THz vaizdy fiksavimui.

13.4 Darbo naujumas
Mokslinis darbo naujumas remiasi $iais pagrindiniais teiginiais:

1. Pademonstruotas THz homodininis ir tiesioginis vaizdy fiksavimas,
skirtas isskirti mazai spinduliuote sugerianc¢ias medZziagas supakuotas
tarp iki $e$iy medvilninio audinio sluoksniy panaudojant InGaAs
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peteliskés tipo diodus kaip detektorius.  Aptartos ir palygintos
veikimo savybés ir uzfiksuoty vaizdy parametrai tiek tiesioginei, tiek
homodininei schemai.

. Homodininé fazés postiimio schema buvo jgyvendinta nesudétingu
btidu keitiant jprasto biuro popieriaus lapy kiekj optiniame kelyje. Par-
odyta, kad homodininis THz vaizdy fiksavimas gali biiti naudojamas
kaip patogus vaizdy fiksavimo biidas jtartiny Zemo kontrasto objekty
paslépty tekstiléje aptikimui.

. Istirtos ir aptartos skirtingos technologinés salygos InGaAs diodams,
pagamintiems i5 InGaAs sluoksniy, uzauginty molekuliniy pluosteliy
epitaksija (angl. molecular beam epitaxy, MBE) ant pusiau izoliuojancio
InP padéklo. Parodyta, kad struktiirose pastebimas stiprus vidinis
elektrinis laukas siekiantis iki 49 kV/cm, kuris buvo nustatytas i$
fotoatspindZio spektry.

. Parodyta, kad jtampos fliuktuacijy spektrinis tankis InGaAs dioduose
kambario temperatiiroje yra proporcingas 1/ f, o Zemesnése — 77-200 K —
temperatiirose vyrauja Lorenciano tipo spektras dél atsitiktiniy telegrafo
signaly, sukelty pavieniy pagavos defekty.

. Gauti rezultatai atskleidé InGaAs sluoksniy, uzauginty skirtingais plu-
osteliy slegiy (angl. beam equivalent pressure, BEP) In/Ga santykiais, jtakg
Zemo daZznio triukSmo lygiui ir THz detektoriy jautriui. Nustatyta, kad
THz detektoriai, uZauginti su BEP In/Ga santykiu, lygiu 2.06, yra geri-
ausiai tinkantys kambario temperatiiroje veikian¢iy jautriy InGaAs pe-
teliskeés tipo diody gamybai.

. Parodyta, kad kompaktiska Fibona¢i (bifokaliné) teraherciniy vaizdy
fiksavimo sistema gali biiti jgyvendinta naudojant monochromatinius
THz 8altinius su difrakciniais silicio lesiais. Fokusavimo savybés buvo
jvertinti tiek teoriSkai, tiek eksperimentiskai iSmatavus erdvinius pro-
filius, atstumus tarp Zidinio tasky ir Zidinio gylio 0,3 THz ir 0,6 THz
daZniuose.

. Vienalaikis dviejy plokstumy, atskirty 7 mm atstumu, vaizdy fiksavi-
mas su bangos ilgio raiska buvo parodytas eksperimentiskai 0,3 THz ir
0,6 THz dazniuose. Vaizdy fiksavimas keliuose zidinio taskuose buvo
palygintas su tokio paties diametro ir pagamintos i$ tos pacios medZzia-
gos fazinés zoninés plokstelés veikimu.

. Plonos ir kompaktiskos Beselio zoninés plokstelés, pagristos silicio
daugialygés difrakcine optika, buvo suprojektuotos, pagamintos ir
pademonstruotos THz pralaidumo vaizdy fiksavimo sistemoje.
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9. Pasitilytas naujoviskas kompaktiSkesnis eksperimentinis stendas panau-
dojus dvi Beselio zonines ploksteles su pagerintomis THz vaizdy fiksav-
imo galimybémis. Diskretiniai aksikonai (angl. axicons) su 4 fazés kvan-
tavimo lygiais buvo pagaminti i$ aukstos varzos silicio naudojant lazer-
inés abliacijos technologija (angl. laser ablation technology) leido praplesti
zidinio gylj iki 20 mm su minimaliais optiniais nuostoliais ir iSvengti
stambiy paraboliniy veidrodziy naudojimo vaizdy uzrasymo stende.

10. Kompaktiska THz vaizdinimo sistema suteiké galimybe tirti storesnius
nei 10 mm objektus su pagerintu kontrastu, silpna priklausomybe nuo
bandinio storio ir padéties dél ilgo Zidinio gylio ir Zenkliai pagerinta
raiSka pritaikius dekonvoliucijos algoritmus.

11. Erdvinio filtravimo metodai — fazés kontrasto ir tamsaus lauko
metodai- gali biiti pritaikyti placios apertiiros THz vaizdinimui, kur
galima iSskirti mazai sugeriancius objektus subTHz ruoZe naudojant
jautrius kambario temperattiroje detektorius, pavyzdZziui, i§ titano
pagamintus mikrobolometrus. UZzfiksuoti mazai sugerianciy objekty
vaizdai nefokusuotoje 0,3 THz daznio Sviesoje naudojant apskritimo
formos popieriaus lapelius kaip filtrg fazés kontrasto ir apskritimo
formos aliuminio folijos filtrg tamsaus lauko eksperimentuose.

13.5 Ginamieji teiginiai

1. Homodininis teraherciniy vaizdy fiksavimas gali buiti pritaikytas maZos
sugerties objektams atpazinti 0,3 THz ir 0,6 THz daZniuose naudojant
kambario temperatiiros InGaAs , peteliskés” tipo diodus kaip patikimus
detektorius ir fazés kontrolei kei¢iant popieriaus lapy skaiciy.

2. InGaAs sluoksniai uzauginti molekuline epitaksija su pluosteliy slégiy
In/Ga santykiu lygiu 2.06 yra tinkamiausi kambario temperatiiros pe-
teliskeés tipo THz detektoriy gamybai su jautriu 10 V/W diapazone ir
triuk$my ekvivalendia galia (angl. noise equivalent power, NEP) Zemesne
nei 1 nW/, /Hz prie 0,6 THz daZnio dél stipraus vidinio elektrinio lauko
efekty.

3. Kompaktiska bifokaliniy teraherciniy vaizdy fiksavimo sistema gali btiti
igyvendinta naudojant monochromatinj THz Sviesos 8altinj ir fazine si-
licio zonine plokstele Fibonaci sekos pagrindu.

4. Beselio THz vaizdy fiksavimas gali bati jgyvendintas kompaktiskoje
THz vaizdy fiksavimo schemoje naudojant tik aukstos varzos silicio
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pagrindo optinius leSius, kurie jgalina story objekty THz vaizdy
fiksavimg 1 cm Zidinio gylio diapazone subTHz daZniuose.

5. Erdvinio filtravimo metodai — fazés kontrastas ir tamsus laukas — gali
biti pritaikyti placios apertiiros THz vaizdinimui silpnai sugeriantiems
objektams subTHz ruoZe i$skirti.

13.6 Autoriaus indélis

Autorius dalyvavo homodino [P1], Fibona¢di bifokalinio [P3], Beselio
zoniniy ploksteliy [P4] ir erdvinio filtravimo metody [P5] eksperimentuose:
stendy projektavime, difrakciniy elementy, skirty optiniy pluosty valdymui,
projektavime ir modeliavime; bandiniy, skirty THz vaizdy fiksavimui, projek-
tavime ir gamyboje siekiant pademonstruoti naujovisky metody privalumus;
THz vaizdy uzraSyme ir tolesniame apdorojime bei gauty duomeny analizéje.
Autorius taip pat dalyvavo THz dalyje tyrimo, aprasomo InGaAs , peteliskés”
tipo diodiniy detektoriy publikacijoje [P2], kur analizavo duomenis.

Jis taip pat patobulino bei sukiiré naujus programinius jrankius duomeny
surinkimui ir apdorojimui. Autorius prisidéjo prie moksliniy straipsniy ir
medZziagos konferencijoms ruosimo.

13.7 Rezultaty apZvalga

Koherentinis heterodininis THz vaizdy fiksavimas [66] leidZia atpaZinti
maZzos sugerties medZziagas, bet Sis metodas reikalauja dviejy THz $altiniy
susietomis fazémis, o tai sistemg daro sudétinga ir sunkiai pritaikoma prak-
tikoje. Reikalingas naujas THz vaizdy fiksavimo sprendimas, kuris galéty
biiti konkurencingas praktiniuose taikymuose. Siekiant iSvengti dviejy THz
Saltiniy butinybés, tiesioginio pralaidumo vaizdy fiksavimo stendas buvo
pakeistas THz pluosty iSskaidant j dvi Sakas, kurios interferavo , peteliskés”
tipo detektoriuje [68]. Taip vaizdy fiksavimo sistema buvo pakeista i3
tiesioginés i homodinine. Skirtingas skai¢ius biuro popieriaus lapy buvo
jterptas j vieng i$ optiniy Saky, siekiant pakeisti optinio kelio ilgj nekeiciant
optiniy elementy padéties. Naudodami kambario temperatiros InGaAs
»peteliskés” tipo diodus ir 0,3 THz bei 0,6 THz $altinius parodéme, jog homo-
dininis rezimas leido pasiekti dviem eilémis aukstesnj dinaminj diapazong
lyginant su tiesioginiu rezimu. Pademonstruoti homodininio THz vaizdy
fiksavimo tinkamumui plony maZzai sugerianciy objektams indentifikuoti
buvo pagamintas bandinys i§ uzspaudziamo mazo tankio polietileno (LDPE)
maiSelio, popierinés nosinés, poodinés adatos ir nitrilinés pirstinés tarp 2
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medvilninio audinio sluoksniy. Uzfiksuotame homodininiame vaizde matési
tiek LDPE maiSelis, tiek popieriné nosiné.

InGaAs , peteliskés” tipo diodai, skirti THz ruozui, yra puikiai tinkantys
kompaktisky THz vaizdy fiksavimo sistemoms [68,69]. Siekiant optimizuoti
diody dizainus jautriai placiajuostei THz detekcijai reikéjo istirti InGaAs sluok-
sniy auginimo salygy jtaka ir defekty vaidmenj prietaisy veikimui. Atlikome
detaly fotoatspindZzio ir InGaAs peteliskes tipo diody jautrio 0,3 THz ir 0,6 THz
daZznio spinduliuotei matavimus. I8 fotoatspindZio matavimy pagrindu gauty
Franco—Keldyso osciliacijy (FKO) analizés galima spresti apie vidinj elektrinj
laukg bandiniuose. Nustatéme, kad molekuliy pluosteliy slégiy InGa santykiu
2,06 epitaksiskai uzaugintas detektorius turéjo 49 kV/cm vidinj elektrinj lauka,
kuris atitinkamai turéjo 10 V/W siekiantj jautrj, kuris rodo, kad , peteliskés”
tipo gerai diodai tinka THz detektoriy, veikianciy kambario temperattiroje,
gamybai.

Siekiant sujungti kompaktinés difrakcinés optikos ir tomografinio vaizdy
fiksavimo privalumus galima naudoti difrakcinius leSius su Fibonacdi sekos
elementais bei vieno daznio THz Saltiniu kitaip nei anks¢iau parodytas
tomografinis vaizdy fiksavimas kei¢iant Saltinio daznj [97]. Fibonacio,
arba, bifokalinis, THz vaizdy fiksavimas eksperimentiskai pademonstruotas
panaudojant difrakcinj lesj nuolatinés veikos reZimu. Mes parodome silicio
Fibonacio lesio dizaing, veikima ir aukstos raiskos vaizdinima ties 0,6 THz
dazniu. LeSis buvo pagamintas i monokristalinio silicio padéklo naudojant
lazerinj apdirbimo metoda, anksciau taikyta pagaminti didelio efektyvumo
daugiapakopés fazés Frenelio lesiams [50]. Skirtingy objekty, sudety i
specialiai paruostg laikiklj, 0,6 THz daznio THz vaizdai buvo uZzfiksuoti tuo
paciu metu skirtingose plokstumose. Naudojant skyros taikinj buvo jvertinta
erdviné skyra, kuri buvo bangos ilgio eilés. Daugiafokusinis Fibonacio lgsio
taikymas vaizdy fiksavimui palygintas su jprastos silicio fazinés plokstelés
veikimu. Erdviniy profiliy ir fokusavimo gylio savybés iSnagrinétos keiciant
Saltinio daZnj nuo 0,3 THz iki 0,6 THz.

Beselio terahercinis vaizdy fiksavimas buvo pritaikytas panaudojus du
plonus silicio daugiapakopés fazés optinius elementus nuolatinés veikos
rezimu 0,6 THz daZzniu. Pasitilytas Beselio zoninés plokstelés dizainas —
diskretinis 4 fazés kvantizavimo aksikonas — pagamintas lazeriu abliuojant
aukstos varzos silicj, leido i8plésti zidinio gylj iki 20 mm patiriant nedidelius
optinius nuostolius ir ivengiant stambiy paraboliniy veidrodziy panaudo-
jimo vaizdo fiksavimo stende. Kompaktiska THz vaizdy fiksavimo sistema
leido i8skirti storesnius nei 10 mm objektus, o pritaikyti dekonvoliucijos
algoritmai pakelé kontrastg ir pagerino raiska iki 0,6 bangos ilgio.

THz pluosto formavimas naudojant erdvinio filtravimo metodus buvo
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pademonstruotas siekiant pritaikyti THz vaizdinimo sistemg veikimui
su detektoriy matricomis, kurios galéty biiti naudingos ateityje atsiradus
prieinamiems didelés galios THz Saltiniams. Eksperimentus atlikome naudo-
dami 0,3 THz daznio spinduliuote ir titano pagrindo mikrobolometrus kaip
detektorius su dviem erdviniy filtry tipais: filtras Nr. 1, pagamintas i3 4 lapy
2 mm diametro apskritimo formos popieriaus, buvo fazinis filtras, jvedes 7 /2
fazés vélinimg tik centrinéje Furje spektro dalyje taip sukurdamas vaizda
fazés kontrasto metodu; antrasis, filtras Nr. 2, 2 mm diametro apskritimo
formos aliuminio folija, veiké kaip amplitudinis filtras ir blokavo Zemus
erdvinius daznius taip sukurdamas tamsaus lauko vaizda, kuriame i8ryskéjo
dalis objekty.

13.8 Diskusija ir iSvados

1. Parodyta, kad homodininé fazés posttimio schema gali buti jgyvend-
inta nesudétingu biidu kei¢iant biuro popieriaus lapy kiekj optiniame
kelyje. Nustatyta, jog homodininis THz vaizdy fiksavimas gali tarnauti
kaip patogus jrankis aptikti tekstiléje pasléptus jtartinus Zemo kontrasto
objektus.

2. ]vertintos skirtingos technologinés salygos InGaAs diodams, pagam-
intiems i$ InGaAs sluoksniy uzauginty molekuline pluosteliy epitaksija
(MBE) ant pusiau izoliuojancio InP padéklo. Parodyta, kad struktiiros
pasizymi stipriu vidiniu elektriniu lauku, siekianciu 49 kV/cm, kuris
buvo jvertintas i$ fotoatspindzio spekitry.

3. Parodyta, kad jtampos svyravimy spektrinis tankis InGaAs dioduose
kambario temperatiiroje yra proporcingas 1/f, o Zemesnéje, 77-200 K,
temperattiroje vyrauja Lorenciano tipo spektras dél atsitiktiniy telegrafo
signaly, sukelty atskiry pagavos defekty.

4. Nustatyta InGaAs sluoksniy auginimo skirtingais pluosteliy slégiy
(BEP) In/Ga santykiais jtaka Zemo daZznio triuksmo lygiui ir THz detek-
toriy jautriui. Parodyta, jog InGaAs "peteliskés" tipo diodai uZauginti
su BEP In/Ga santykiu lygiu 2,06 yra tinkamiausi gamybai jautriy
kambario temperatiiroje veikian¢iy THz detektoriy, kuriy jautris sieke
10 V/W ir ekvivalenti triuksmo galia buvo Zemesné nei 1 nW/ \/HZ ties
0,6 THz dazZniu.

5. Parodyta, kad kompaktiskas bifokalinis Fibonaci terahercinis vaizdy,
fiksavimas gali btti jgyvendintas naudojant monochromatinius THz
$viesos Saltinius ir difrakcinius silicio lesius. Silicio zoniniy ploksteliy

76



fokusavimas buvo istirtas tiek teoriskai, tiek eksperimenti$kai iSmatavus
erdvinius profilius, atstumg tarp Zidiniy ir Zidinio gylj ties 0,3 THz
ir 0,6 THz dazniais. Gauti rezultatai buvo palyginti su daugiapakope
zonine Frenelio plokstele.

6. Buvo parodytas vienalaikis dviejy plokstumy, atskirty per 7 mm ats-
tuma, vaizdy fiksavimas su bangos ilgio skyra 0,6 THz daznyje. Keleto
zidiniy vaizdy fiksavimo rezultatas buvo palygintas su tokios pacios
medziagos ir diametro fazinés zoninés plokstelés veikimu.

7. Plonos ir kompaktiskos Beselio zoninés plokstelés, paremtos dau-
giafazine difrakcine optika, buvo suprojektuotos, pagamintos ir
pademonstruotos THz vaizdy fiksavimo sistemoje pralaidumo ge-
ometrije.

8. Pasitilytas naujoviSkas eksperimentinis stendas, naudojantis dvi Bese-
lio zonines ploksteles pagerintam story bandiniy vaizdy fiksavimui ir
maZesniems sistemos matmenims pasiekti. Diskretiniai aksikonai, tur-
intys 4 fazés kvantizavimo lygius, buvo pagaminti i§ aukSos varzos si-
licio naudojant lazerinés abliacijos technologija ir leido iSplésti fokusav-
imo gylj iki 20 mm su minimaliais optiniais nuostoliais bei i8vengti stam-
biy paraboliniy veidrodZziy naudojimo THz vaizdy fiksavimo stende.

9. Kompaktiska THz vaizdy fiksavimo sistema suteiké galimybe tirti
storesnius nei 10 mm objektus su geresniu kontrastu, silpna prik-
lausomybe nuo bandinio storio ir pozicijos dél ilgo zidinio gylio, o
dekonvoliucijos algoritmai leido Zenkliai pagerinti vaizdo raiska.

10. Erdvinio filtravimo metodai — fazés kontrastas ir tamsusis laukas —
gali bati taikomi placios apertiiros THz vaizdinimui, leidZian¢iam
isskirti maZzai sugeriancius objektus subTHz ruoZe, naudojant jautrius
kambario temperatiiroje detektorius, pvz. i titano pagamintus
mikrobolometrus. Mazai sugerianc¢iy objekty vaizdai buvo uZzfiksuoti
naudojant nefokusuota 0,3 THz Sviesg su apskritimo formos popieriaus
lapeliais kaip filtrais fazés kontrastui ir apskritimo formos aliuminio
folija tamsaus lauko eksperimentams.

13.9 Padéka Seimai

Dékoju mamai Zitai, té¢iui Jonui, broliui Robertui, brolienei Daliai, moc¢iutei
Joanai ir nuostabiausiai Zmonai Jurgai uz nuolatinj palaikyma.
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orders of magnitude higher dynamic range is revealed due to the detection in a homodyne scheme, which is
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1 Introduction

Terahertz frequency radiation (THz) has low-absorption in
nonconducting materials, such as clothing fabrics or packag-
ing supplies, which allows to serve as a versatile tool to dis-
play contents of packaged and concealed objects in various
environments.'> However, when the concealed objects them-
selves exhibit low absorption in THz frequencies, a direct
THz imaging approach becomes unsuitable due to a small
signal-to-noise ratio. To tackle this problem, a coherent
heterodyne THz imaging®* approach can be employed to
reduce the noise floor up to four orders of magnitude, thus
allowing to resolve low-absorbing materials. Nevertheless,
the heterodyne approach requires at least two signal sources
synchronized via a phase-locking loop, which currently
makes this technique complicated and not very practical
in screening applications. A solution is hence needed that
would make THz imaging systems competitive in practical
implementations.

In this article, a THz homodyne and direct imaging
of low-absorbing materials packaged between up to six
layers of cotton fabric at 0.3 and 0.6 THz are demonstrated
and compared. The homodyne phase-shifting scheme
was realized here in a simple way by varying the number
of office paper sheets in the optical path. It is shown
that homodyne THz imaging can serve as a convenient im-
aging tool to screen low-contrast suspicious inclusions in
textiles.

2 Samples and Their Characterization

Two types of samples were selected for the experiments. The
first group included reference objects—a steel blade, serving
as a reflecting reference, and a 0.6-mm diameter hypodermic
needle for the spatial resolution reference. The second group
consisted of low-absorbing materials—a sealable low-
density polyethylene (LDPE) (two layers of LDPE film)
bag, a tissue paper, and a nitrile glove (two layers of nitrile

*Address all correspondence to Domas Jokubauskis, E-mail: domas
.jokubauskis @ftmc.It
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film), which were enveloped in two or six layers of cotton
fabric. All the low-absorbing samples and cotton layers were
characterized individually beforehand in the THz range
via absorption measurements using frequency domain THz
spectrometer Toptica TeraScan 780 (Toptica Photonics
Ltd.). Moreover, a refraction index dispersion analysis of
a standard office paper sheet (areal density 80 g/m?, thick-
ness of 0.1 mm) was performed, which was used here to vary
the phase of the THz radiation in one of the arms of the opti-
cal set up. These results are plotted in Fig. 1. One can see that
a two-layer cotton fabric exhibits the highest absorption of
all the tested materials, except for the frequency range below
0.2 THz where the absorption of a nitrile glove is the highest.
We also note that cotton and nitrile glove spectral depend-
ences are very similar. Terahertz frequencies of 0.3 and
0.6 THz (highlighted as vertical lines) were employed ena-
bling the use of our electronic sources for THz imaging.
Spectra around 0.6 THz (dotted line) display a significant
difference (>35%) in absorbance between the cotton, LDPE
bag and paper tissue, and a smaller difference (around 15%)
between the cotton and the nitrile. The same trend is
observed at 0.3 THz (dashed line), which suggests that a sim-
ple direct THz imaging setup can be used without resorting
to more advanced techniques. However, in order to reliably
distinguish the absorption between a cotton fabric and nitrile
glove (<10% difference), different means are needed. A THz
homodyne scheme is implemented and described in the fol-
lowing that allows for an unambiguous distinction between
the materials.

3 Experimental Setup and Measurement Technique

Figure 2 presents the THz homodyne imaging implementa-
tion scheme.” Terahertz radiation was generated by an
electronic source based on a frequency-synthesizer whose
12.5-GHz frequency signal was multiplied via a multiplier
chain (Virginia Diodes Inc.) by a factor of 24 or 48 to operate
at frequencies 0.3 and 0.6 THz, respectively. The THz beam
delivered from the source is collimated with an off-axis

0091-3286/2019/$25.00 © 2019 SPIE

February 2019 « Vol. 58(2)



Jokubauskis et al.: Terahertz homodyne spectroscopic imaging of concealed low-absorbing objects

100 . . . . . 1.80
—0— Paper Refractive Index
—— Nitrile 2 layers . ~41.75
80 o, —— Cotton fabric 2 layers.
o} —— Tissue paper 4 layers. 1.70

LbPE bag 2 layers
1.65

Absorption (%)
B
Refractive index

L 3 1.40
0.2 0.4 0.6 0.8 1.0

Frequency (THz)

Fig. 1 Absorption spectra of the studied objects: nitrile glove, cotton
fabric, tissue paper, and LDPE bag (left scale). Right scale displays
refractive index of the office paper used to shift the phase of the THz
radiation in a homodyme scheme. Spectra were measured using
frequency domain terahertz spectrometer.

parabolic mirror PM1, then split with a high-resistivity
silicon beam splitter (thickness 370 gm) S1 into two
arms: the upper and the lower one with a ratio of 60:40.
The phase of the more intensive (upper) beam was varied
by a paper stack, P, and delivered using a flat mirror, M1,
to another off-axis parabolic mirror, PM2, with a focal length
10 cm to focus the radiation onto the sample. The transmitted
radiation is focused with a high-density polyethylene
(HDPE) lens, L1 (focal length 5 cm), and through a beam
splitter, S2, diverted to the detector for the image formation.
The remaining (lower arm) less intense radiation part is
directed via a splitter S1, flat mirror M2, an off-axis para-
bolic mirror PM3, and a beam splitter S2 (splitting ratio
60:40), which was employed to generate a homodyne signal.
In the direct-detection mode, only the upper arm was used
for imaging, while the lower one was blocked. Intensity of
(a)
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the THz beam was detected at room temperature using a
broadband InGaAs bow-tie diode® that is well-suited for
the THz direct’ as well as the multispectral THz imaging
aims.®?

The THz source was electronically modulated at 1-kHz
frequency. Detected signals were amplified and registered
using a lock-in amplifier. Samples were placed on an elec-
tronically controlled X —Y stage to implement the raster
scanning. Data are recorded and processed via custom-made
computer software.®”

The imaging setup was calibrated to determine dynamical
range of the homodyne system. The experiment was carried
out in both direct and homodyne modes at 0.3 THz fre-
quency by stacking office paper sheets in the upper arm,
as shown in Fig. 2 (left panel). The results are depicted in
Fig. 2 (right panel). The homodyne detected signal reveals
more than two orders of magnitude higher dynamic range
in comparison to the direct one at 0.3-THz range, and a factor
of 25 improvements at 0.6 THz. Better contrast can thus be
expected in the homodyne mode for recording THz images
of low-absorbing materials.

4 Homodyne Terahertz Imaging Results

Photos of the packaged objects and their THz images
recorded in the direct and homodyne modes are presented
in Fig. 3. Direct imaging at 0.6 THz (left panel) clearly
reveals packaged highly reflective objects—a steel blade and
a needle. The nitrile glove is also resolved here due to its
relatively higher absorption (Fig. 1). It is worth noting that
the number of packaging cotton fabric layers exhibits no
pronounced influence on the quality of the image.

The contrast noticeably changes at 0.3-THz frequency, in
particular, the low-absorbing objects—the LDPE bag and
the tissue paper, are invisible in the direct detection mode
[Fig. 3(d)]. The piece of a nitrile glove still can be identified
because of its relatively higher absorption, while only
contours of the hypodermic needle can be resolved due to
the longer illuminating wavelength. Therefore, a direct THz

0 10 20 30
Paper sheets (pcs)

Fig. 2 (a) Setup for THz imaging in transmission geometry using direct and homodyne modes.
Letters S denotes beam splitters, L, lenses; P, paper sheet placement; PM, off-axis parabolic mirrors;
and M, flat mirrors. (b) Estimates of the system dynamic range at 0.3- and 0.6-THz frequencies.
Normalized detected signal recorded in both, direct and homodyne, schemes is shown as a function
of paper sheets pieces, which was used to vary the phase of the radiation. Shadowed area indicates
the regime of optimal homodyne operation. Note the increase of dynamic range in the homodyne mode.
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0 20 40 60
X, mm

X, mm

Fig. 3 Left panel: Photo (a) and direct images at 0.6 THz of steel blade, hypodermic needle, and a piece
of nitrile glove enveloped in two and six layers cotton fabric (c) and (e), respectively. Note good contrast
despite different cotton fabric layers. Signal-to-noise-ratio (SNR) is 1900 and 700, respectively. Right
panel: Photo of the sample (b) and its direct (d) and homodyne (f) image at 0.3 THz. The sample
consisted of a sealable LDPE bag, tissue paper, nitrile glove, and hypodermic needle enveloped in two
layers of cotton fabric. SNR is 100 and 200, respectively. THz imaging parameters: XY pixel size—
0.3 x 0.3 mm?, image size—299 x 212 pixels, integration time—10 ms. About 10 paper sheets were

used to manage phase in the homodyne imaging.

imaging is not the optimal technique in this case, and so
our homodyne detection scheme was applied. Phase-imaging
can offer a higher image contrast for weak-absorption or
transparent materials if one compared it with intensity-
related imaging; however, the recording setup requires inter-
ferometer arrangement to measure the phase-distribution
in the sample.!® As described earlier, office paper sheets
are used to vary the needed phase-shift. Taking into account
the thickness of one paper sheet and the refractive index
of paper (~1.62 at 0.3 THz, Fig. 1), one can estimate
that 2z phase-shift can be accumulated using 16 pieces of
paper.

As can be seen in Fig. 3(f) (right panel), THz homodyne
imaging allows to clearly resolve low-absorbing thin materi-
als, such as the LDPE bag and a tissue paper hidden in two
layers of cotton fabric. To extend the measurement scale
for thicker samples exceeding the illuminating wavelength
(1 mm in our case), one needs to overcome the restrictions
induced by 27z phase-ambiguity. Phase-unwrapping method
with a noise-suppression algorithm'' can be an effective
way for data processing allowing for the extension of the
operation range to other THz frequencies.
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To illustrate the suitability of the homodyne THz imaging
for identifying thin, low-absorbing objects, a sample contain-
ing different amounts of paper sheets, a piece of sticky tape,
LDPE bag, and letters “THz” written using conventional
pencil (graphite) on the sheet of a paper were constructed.
The metal washer served as a reference for highly reflecting
materials.

Imaging results at 0.6 THz are displayed in Fig. 4. It is
seen that homodyne detection, by varying the phase, enables
a high contrast and better resolution of low-absorbing mate-
rials, and even allows to distinguish pencil-written letters.
While images recorded at 0.3 THz (Fig. 5) do not allow
for the determination of the letters, the increased contrast,
nevertheless, permits clear detection of the low-absorbing
objects.

5 Conclusion

Homodyne and direct imaging of materials with low-
absorption features in the THz range were investigated
and compared. The homodyne scheme using paper sheets
as the phase-tuning component allowed us to increase the
detection dynamic range by more than two orders of
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Fig. 4 (a) Panel—photo of the sample composed of different constitu-
ents: numbers 1 to 3 indicate the amount of the paper sheets;
4 is sticky tape; 5 stands for metal washer as the reference; 6 denotes
LDPE bag; 7 shows letters “THz” written using conventional pencil
(graphite). Images (b—d) were recorded at 0.6 THz in transmission
geometry. Panel (b) presents direct imaging; panels (c, d)—images
recorded in homodyne schemes using 0 and 4 sheets of paper for the
phase-shifting. Pixel size—0.3 x 0.3 mm2, image size—330 x 293
pixels, integration time—10 ms.
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Fig. 5 Sample as in Fig. 4(a). Images (a—d) were recorded at 0.3 THz
in transmission geometry. Panel (a) presents direct imaging; panels
(b-d)—images recorded in homodyne schemes using 0, 2, and
6 sheets of paper for the phase-shifting.
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magnitude. It was demonstrated that the homodyne THz
imaging system at 0.3 and 0.6 THz in transmission geometry
enables to detect low-absorbing objects enveloped in up to
six layers of cotton fabric. It is illustrated that the homodyne
spectroscopic THz imaging can serve as a convenient tool
to resolve the concealed objects fabricated from materials
manifesting low-THz absorption coefficient.
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Abstract: InGaAs-based bow-tie diodes for the terahertz (THz) range are found to be well suited
for development of compact THz imaging systems. To further optimize design for sensitive and
broadband THz detection, one of the major challenges remains: to understand the noise origin,
influence of growth conditions and role of defects for device operation. We present a detailed
study of photoreflectance, low-frequency noise characteristics and THz sensitivity of InGaAs
bow-tie diodes. The diodes are fabricated from InGaAs wafers grown by molecular beam epitaxy
(MBE) on semi-insulating InP substrate under different technological conditions. Photoreflectance
spectra indicated the presence of strong built-in electric fields reaching up to 49 kV/cm. It was
demonstrated that the spectral density of voltage fluctuations at room temperature was found to
be proportional to 1/f, while at lower temperatures, 77-200 K, Lorentzian-type spectra dominate
due to random telegraph signals caused by individual capture defects. Furthermore, varying bias
voltage, we considered optimal conditions for device room temperature operation in the THz range
with respect to signal-to-noise ratio. The THz detectors grown with beam equivalent pressure In/Ga
ratio equal to 2.04 exhibit the minimal level of the low-frequency noise, while InGaAs layers grown
with beam equivalent pressure In/Ga ratio equal to 2.06 are found to be well suited for fabrication of
room temperature bow-tie THz detectors enabling sensitivity of 13 V/W and noise equivalent power
(NEP) of 200 pW/+/Hz at 0.6 THz due to strong built-in electric field effects.

Keywords: terahertz sensing; terahertz imaging; InGaAs diodes; molecular beam epitaxy;
low-frequency noise; spectral density

1. Introduction

The InGaAs/InP material system is one of the key compounds for ultrafast optoelectronics
applications [1]. It can also serve as a core element for other optoelectronics applications including
infrared photosensors [2] and magnetic field sensors [3]. A particular importance of this material
compound arises from the rapidly growing interests in its suitability for efficient THz emission excited
by femtosecond laser pulses [4,5], THz photomixers [6-8], possible use in nanometric field effect
transistors for electrically driven plasma-wave-related THz emission [9], and THz sensing [10].

The InGaAs/InP material system is employed in the development of planar bow-tie-shaped
InGaAs diodes [11] which were found well-suited for direct [12], heterodyne [13] and spectroscopic

Sensors 2018, 18, 3760; doi:10.3390/s18113760 www.mdpi.com/journal/sensors

98



Sensors 2018, 18, 3760 20f13

imaging applications up to 2.52 THz [14,15]. The diode operates both due to nonuniform carrier
heating and resistive mixing caused by applied external THz electric field inducing DC voltage over
the terminals of the diode [16].

The diode exhibits low noise because its operation does not require application of the bias voltage.
The choice of the InGaAs material is motivated due to its high electron mobility, 13,300 cm?/V-s at
room temperature [11]; the detector sensitivity at room temperature is of about 6 V/W, whilst the
relevant value in GaAs-based detectors is about 0.3 V/W [17,18]. The noise-equivalent power (NEP) of
InGaAs diodes in direct and heterodyne modes is estimated to be about 4 nW//Hz and 0.23 pW/Hz,
respectively, for a local-oscillator power of 11 W [13].

Despite the fact that InGaAs bow-tie diode displays the advantages of broadband room
temperature operation, rather uncomplicated fabrication process and good reliability, its NEP values
need to be improved in comparison, for instance, to those of field effect transistors fabricated using
CMOS technology (gate length is 150 nm), where NEP amounts to 43 pW/+/Hz [19]. Therefore,
to improve design of InGaAs-based bow-tie THz detectors, one needs to get deeper insight into origin
of defects or recombination centers that may have impact on InGaAs layer and InGaAs/InAs/InP
material interface properties.

Investigation of noise characteristics is well known as a highly sensitive method to reveal physical
processes in various structures and devices as well as to enable the reliability prediction [20-22]. On the
other hand, the noise level of a detector is the restricting factor of the imaging system sensitivity [23].
Preliminary investigation has shown that the spectral density of current fluctuations in bow-tie diodes
changes with frequency approximately as 1/f and allows us to predict that the origin of noise is a
superposition of the capture and emission of charge carriers in defects of the structure [24].

In this article, we discuss effects of different technological conditions for the InGaAs devices
fabricated from InGaAs layers grown by molecular beam epitaxy (MBE) on semi-insulating InP
substrate. It was shown that structures exhibit presence of strong built-in electric fields reaching up
to 49 kV/cm, which were derived from the photoreflectance spectra. It was demonstrated that the
spectral density of voltage fluctuations at room temperature is found to be proportional to 1/f, while at
lower temperatures, 77-200 K, Lorentzian-type spectra dominate due to random telegraph signals
caused by individual capture defects. The presented results demonstrate how InGaAs layers grown at
different beam equivalent pressure (BEP) In/Ga ratios affect the low-frequency noise level and the
sensitivity of the THz detectors. We underline that THz detectors grown with BEP In/Ga ratio equal
to 2.06 are found to be most sensitive at room temperature.

2. Grown Structures and Experimental Techniques

The InGaAs layers for detectors were grown using the SVT-A MBE reactor on semi-insulating
InP:Fe substrates oriented in the (100) crystallographic plane. Before the growth procedure, the
surface of InP:Fe substrate was cleaned from native oxide by annealing at temperature of 500 °C for
10 min. In order to prevent the loss of phosphorus on the surface of the substrate, the deoxidation was
performed in flux at a pressure of about 5 x 10~ Torr in-situ observing the reflection high-energy
electron diffraction (RHEED) pattern. After the native oxide removal, 1-2 monolayer (ML)-thick
InAs was deposited. The thickness of the InAs layer was designed in such a way that it forms a
structurally strained interlayer between the substrate and InGaAs. Then, the InGaAs layer was grown
in a temperature range from 500 °C to 515 °C varying growth rate from 300 nm/h to 600 nm/h. Growth
rate was determined from RHEED intensity oscillations recorded for the specular beam. To optimize
the growth conditions, the In/Ga BEP ratio varying from 2.04 to 2.08 was investigated.

The patterning of a 1.18-pum-height mesa structure was carried out by optical lithography and wet
etching [13]. The electrical contacts for detectors were deposited by thermal evaporation of 20-nm-thick
Ti and 180-nm-thick Au. Contact layers after deposition were ex-situ annealed at 400 °C temperature
for 10 s in nitrogen ambience using a rapid thermal annealing (RTA) oven.
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The crystalline structure of In and Ga content in different InGaAs samples has been investigated
by measuring high-resolution X-ray diffraction (HRXRD) w-20 scans of the (400) reflex using CuKy;
radiation. The results of XRD rocking curve measurements are presented in Figure 1. From these
data, the lattice constant has been evaluated. The lattice constant varied from 5.8639 A to 5.8687 A
for InGaAs layers grown using In/Ga ratios from 2.04 to 2.08, respectively, and then the In and Ga
content was obtained. It was found that for InGaAs layers well matched to the InP:Fe substrate growth,
the BEP ratio of In/Ga of about 2.08 is optimum. The growth mechanism, completion of atomic layers
and the surface roughness have been investigated by atomic force microscopy (AFM). The surface
images of InGaAs epitaxial layers are shown in Figure 2. AFM revealed that surface roughness of
investigated InGaAs layers varied from 0.166 nm (B204) to 0.322 nm (B203). It was demonstrated that
lattice matched to the InP substrate epitaxial InGaAs layer exhibits much smoother surface due to the
layer-by-layer growth mode.

The photoluminescence (PL) measurements were carried out using the DPSS laser (532 nm) for
an excitation with the intensity reaching ~600 W/cm? and the 0.4-m monochromator. The PL was
detected using a liquid nitrogen-cooled InGaAs point photodetector, whose signal was recorded using
a lock-in amplifier when the laser radiation intensity had been modulated by a mechanical chopper set
to 190 Hz modulation frequency.

The photoreflectance (PR) measurements were performed using a DPSS laser (532 nm) with
modulation pump source chopped at 190 Hz. The pump beam intensity was kept below 5 mW cm 2.

Noise characteristics at forward and backward bias were measured within the frequency range
from 10 Hz to 20 kHz varying lattice temperature from 77 K to 300 K. The experimental setup [24] is
described in detail in Supplementary Materials.

Terahertz sensitivity was evaluated measuring responsivity of the InGaAs bow-tie detectors at
frequency of 0.3 THz and 0.6 THz employing an electronic multiplier chain (Virginia Diodes, Inc.
Charlottesville, VA, USA) as THz radiation source.

10%

10° —B197

10° 4 InP:Fe InGaAs —B203
substrate | | layer

—— B204
10" o

10° 4
10° 4
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62 63 64 65
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Figure 1. The rocking curves of (400) reflex of X-ray diffraction measured for detectors grown with
different BEP In/Ga ratios: 2.04 (sample B197), 2.06 (sample B203), and 2.08 (sample B204).

The AFM images (Figure 2) show the surface morphology obtained on GalnAs epitaxial layers,
grown using different BEP In/Ga ratios (2.04—B197, 2.06—B203, and 2.08—B204). Scanned surface
area is 1.5 x 0.7 um?. The color scale of 4 nm resolution demonstrates surface roughness measured
from peak (min) to peak (max). The roughness values measured on the surfaces of B197, B203 and B204
samples are presented in Table 1. The surface morphology of all investigated samples is very smooth
and the roughness does not exceed 1 ML. Also, it is clearly seen from the obtained images for B197 and
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B203 samples (they are grown at the same temperature of about 500 °C but using different In/Ga ratios)

that the atomic traces on the B203 image are wider and exhibit higher quality than B197. On the other

hand, the contrast of colors on the B204 sample image is the lowest and shows the highest crystallinity.
2nm 4nm

i B203 ‘i“ B204 i

Figure 2. The surface morphology images of InGaAs epitaxial layers, grown using different BEP In/Ga
ratios (2.04—B197, 2.06—B203, and 2.08—B204), obtained by atomic force microscopy. Scanned area is
1.5 x 0.7 m?,

Table 1. Technological conditions and parameters of characterization of investigated bow-tie detectors:
BEP—beam equivalent pressure; A260—misalignment between the (400) reflexes of InP substrate and
InGaAs epilayer; content of In in percent; d—thickness of InGaAs, nm; rms—surface roughness, nm;

R—resistance, (2; E—emission energy, eV.

Samples B197 B203 B204
BEP ratio In/Ga 2.04 2.06 2.08
A20, deg. —0.07 —0.064 0
In, % 47.0 52.5 532
InGaAs layer thickness, d, nm 540 540 540
rms, nm 0.167 0.322 0.166
R, Q 470-500 850-900 770-780
E, eV 0.739 0.736 0.735

Figure 3 presents PL spectra measured at room temperature on three 540-nm-thick InGaAs layers
grown in varying BEP ratios of In and Ga elements. It is seen that PL peak position is slightly shifted
to the lower energies with increase of BEP ratio (In/Ga) from 2.04 to 2.08 (this ratio corresponds to
the GalnAs composition lattice-matched to InP substrate). Although the full width at half maximum
(FWHM) is less than 50 meV for all three layers, the B204 sample grown at substrate temperature of
about 510 °C demonstrates the higher crystalline quality and the narrowest FWHM value (~40 meV).

o ——B197
—— B203
—— B204
0.5

Intensity, arb. u.

870 0.75 0.80
Energy, eV

Figure 3. Room temperature photoluminescence spectra of three GalnAs samples: sample B197 (black
line), B203 (blue line) and B204 (red line) grown using different BEP In/Ga ratios ranging from 2.04,
2.06 and 2.08, respectively, for B197, B203 and B204 at two substrate temperatures of about 500 °C
(sample B197 and B203) and 510 °C (sample B204).
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Room temperature PR spectra for the epitaxial InGaAs layers are shown in Figure 4. The spectra
are dominated by characteristic oscillations. These PR features are associated with Franz-Keldysh
oscillations (FKOs) indicating the existence of the internal electric field in the samples. By analysing
FKOs above the band edge, it is possible to estimate the strength of the electric field. In the analysis of
the electric field strength, the extremes of the FKOs are given by [25]

4 /E, —E 3/2
mim = —(%) +(Pr (1)

where m is the index of the m-th extremum, E,, is the photon energy of the m-th extremum, E, is
the band gap of InGaAs, ¢ is a phase factor. Electro-optic energy 76 is given by (10)% = ¢2F212 /2y,
and depends on electric field F, and charge carrier reduced mass y. Figure 4b depicts the quantity
(4/3m) (Eyy — Eg)3/ 2 plotted versus Franz-Keldysh oscillations index m. As it is seen, the function is
linear (solid lines show linear fit to Equation (1)), and from the slope it allows one to evaluate the
electro-optic energy, and, hence, to determine the built-in electric field strength in the structure [26].
Evaluation indicates that the strongest electric field—reaching 49 kV/cm—contains the structure B203.
Technological characteristics of the investigated samples are summarized in Table 1.

a)
0.015
2
S
; B203 o
f's, 1 & 0.010 B197
© EJ\U 38 kV/icm
o B197 I
g 0 = B204
m’é‘ 0.005 25 kVicm
B204 S
-1
0.000
0.70 0.75 0.80 0.85 1 2 3 4
Energy, eV Index m of Franz—Keldysh oscillations

Figure 4. Photoreflectance spectra of InGaAs layers (a), each spectrum shifted vertically by 1 for clarity;
and plots of the quantity (4/37) (Ey, — Eg)3/ 2 versus index m of Franz-Keldysh oscillations for epitaxial
layers (b).

3. Low-Frequency Noise Measurement Results and Discussion

3.1. Investigation of the Resistivity of the Detectors

Typical current-voltage characteristics of the investigated bow-tie THz detectors at room
temperature are represented in Figure 5, and the dependence of resistance on temperature at low
biases is shown in Figure 6. As it is seen from Figure 5, detector’s B197 resistance is smaller than
the other detectors at room temperature. Besides, the asymmetry of I-U characteristics for diode
B203 and B204 is higher than those for B197 (Figure 5b). It is worth noting that at temperatures
T > 200 K, the resistances slowly decrease with increase in temperature (Figure 6a), while at T < 200 K
the resistances increase steeper with the decrease in temperature, especially characteristic for the
detector B197. Such resistance changes with temperature can be described in terms of the activation
energy (Figure 6b). The decrease of the activation energy AE with temperature observed for the sample
B204 can be explained by the electron hopping mechanism in the impurity band in the energy gap of
the semiconductor.
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Figure 5. The current-voltage characteristics of InGaAs bow-tie detectors at room temperature (298 K)
(a) and evaluated asymmetry (b), where Ir and Ip are forward and backward current values, respectively,
at selected voltages.
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Figure 6. Temperature dependences of the resistance of the investigated bow-tie detectors B197,
B203 and B204 in the linear part of I-V characteristics (a). The activated temperature dependences of
the resistances of bow-tie detectors as a function of 1000/ T (b).

According to the Mott model, the charge carriers are transported via thermally activated tunneling
of electrons between the localized states which are randomly distributed in energy and position [27,28].
Then, the electrical conductivity can be described as

0~exp<<%>_%>, ()

Ao
(N(EF)k)’

where

T, — ()
) labels the dimensionless constant, ! is the localization length of the wave function for localized
states, N(Eg) denotes the localized state density at the Fermi level, and k is the Boltzmann’s constant.
Ty is the quantity with temperature units, which determines the rate of conductivity change with
temperature.

3.2. Investigation of the Low-Frequency Noise of the Detectors

Typical low-frequency noise spectra of the investigated InGaAs bow-tie detector B204 at different
forward bias at room temperature (298 K) are presented in Figure 7 (the noise spectra for other samples
as well as backward current direction at room temperature are almost the same as for the forward
current direction, and therefore are not given here). The 1/f-type-voltage noise spectra show that
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the observed fluctuations are caused by the superposition of the charge carrier capture and emission
processes in defects in the InGaAs layer and its interfaces [29-31].

10"
\\ 0.007 - 0.8 mA T=298 K
10" \2.'\\\
e «..’\\-;\»
& R
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-]
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10"
0 A \
10"7 L 1 .
10' 10 10° 10°*
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Figure 7. Voltage fluctuation spectra at different forward currents at room temperature for sample
B204. The dependences for other samples are very similar.

A detailed description of the generation of noise with spectrum 1/f-type is presented in [29,30].
The low-frequency noise level caused by the charge carrier capture in localized states of defects in
homogeneous semiconductors can be described as [31]

Su(f)/U? = Sg(f)/R* = [0.16K(1 + B)*]/(N?f), )

where Sr(f) is power spectral density of the resistance fluctuation AR(t); K > 1 is the average number
of relaxators (localized capture centers) in the sample with arbitrarily distributed relaxation times in
every double octave of relaxation times; N is the total number of free carriers in the sample; and f is
the parameter that describes the contribution of the mobility of the charge carriers’ fluctuation to the
total resistance fluctuation due to the free charge carrier capture process.

The dependences of the spectral density of voltage fluctuations on forward and backward bias
current are shown in Figure 8. From the comparison of Figures 5 and 8, it is seen that in the linear
current-voltage characteristics range (U < 0.2 V), the spectral density of voltage fluctuations can be
expressed by detector’s resistance, R, and fluctuation spectral density Sg(f) [18]:

SR
Su(f) = uz% = ISk (f)- ®)
10"
a
) b) ,.f
10" E
10" F
" 10™ME - 10k
S s S ] B197
" 10 10"} / ./'/
w %% . / £=100 Hz
10" 10 T=298 K
107 10" s/
0,01 0.1 1 0,01 X
I, mA I/, mA

Figure 8. Spectral density voltage fluctuation dependence on bias current for forward (a) and backward

current directions (b) at room temperature and frequency f = 100 Hz.
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The 1/f noise level in the backward current direction is slightly higher than that in the forward
one, and this correlates with the fact that the differential resistance in the backward current direction is
larger than that in the forward direction. The low-frequency noise level at room temperature for the
detector B197 is about an order of magnitude lower than that for other samples, because the differential
resistance at room temperature for this detector is also about two-times smaller (Figure 6). This result
is related to the smaller In/Ga BEP ratio during growth of sample B197 and its small surface roughness
(rms). From the point of view of the low-frequency noise level, the optimal BEP In/Ga ratio is 2.04.
According to Equation (4), the parameter K describing the localized defect density for this sample is
about an order of magnitude smaller than that for other diodes.

The low-frequency noise level dependences on temperature at different frequencies for the
investigated detectors are presented in Figure 9. The noise peaks appear at particular temperatures
due to the random telegraph signals (RTS) observed, when the Fermi energy level coincides with the
energy of the defect capture center. The low-frequency noise is consistent with the model of individual
fluctuators (capture centers) affecting the resistance locally over a small area, independent of the full
area of the device [32]. The power spectrum of the resistance fluctuations due to the defect k can be
written as [32]:

2
Srr(f) = 4<ARk>2 , ©)
(@) + ()| () + 7]
where 1 1 1
+ @)

Trr () (%)
(Te) is the average time until the electron is emitted from the k defect energy level, and (1) is the
average time until the electron is captured by the defect level.
The local resistance fluctuations cause the voltage fluctuations (Figure 9), when the DC current
flows through the device, and the spectral density of voltage fluctuations due to all active traps Ny in
the device can be described as

Nir
Su=4PY (AR T ®)
LR 1

where the summation is performed over all traps (k=1, 2, ... , N) contained in the InGaAs layers
and their interfaces. The relative resistance R changes AR;/R ~ 1/A, where A is the InAs surface
area, and for a constant trap density Nj, ~ A. If the total number of traps Ny, is sufficiently large to
ensure the wide distribution of the time constant, and if (AR?) value for every k defect is about the
same order, then one can obtain the 1/f-type noise spectrum.

In the case of dot centers, which have the same energy level, one would expect irregular RTS
signals, and the noise spectra with peaks, as it is shown in Figure 9. These noise spectra can be fitted
with a few Lorentzian-type spectra (Equation (8)) with a small background of 1/f noise component.
The Equation (8) reaches the maximal value when the Fermi level coincides with the defect localization
energy in the bandgap. In this case, (Tye) = (Ti.). From these peaks, one can evaluate the effective
relaxation times (Equation (7)), and their changes with temperature because every peak fulfils the
condition: 277 for Ty o ;5 = 1.

In order to highlight the effective relaxation time changes, it is convenient to represent the obtained
experimental results at different fixed frequencies, as shown in Figure 9. As it is seen from Figure 9a,
the noise peak position for the detector B197 is practically independent of temperature. This happens
at a specific temperature when the Fermi energy level is located in a continuum of defect energies,
which causes a very wide distribution of relaxation times. In the case of the sample B197 (Figure 9a) at
temperatures of 127 K, 160 K, 213 K, 234 K and 265 K, the relaxation time distribution ranges exceed
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the interval from 15 ps to 5 ms. As it is seen, other samples, B203 and B204 (Figure 9b,c), express
stronger dependences on temperature in comparison to B197.
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Figure 9. The normalized noise level dependences on temperature at different frequencies (a) for

detector B197; (b) for B203; (c) for B204. The lines are included as a guide for the eye and illustrate
changes of the noise peak groups.

The evaluated relaxation times for every group of peaks of the investigated detectors are shown
in Figure 10.
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Figure 10. The relaxation time dependences on temperature for the investigated InGaAs bow-tie
detectors with different In/Ga ratios: (a) for B197; (b) for B203; (c) for B204. Vertical columns represent
the interval of the distribution of relaxation times at definite temperatures, calculated from the Figure 9.

The evaluated activation energies are indicated near the relevant curves.

4. Terahertz Sensitivity Measurement Results and Discussion

The bow-tie diodes were fabricated using lithography and wet etching technologies following the
design of the bow-tie sensors described in [13]. The responsivity measurements of the InGaAs bow-tie
detectors have been performed by 30 mW power radiation at frequency of 0.3 THz and 0.8 mW at
0.6 THz at modulation frequency of 1 kHz. The device position in the THz beam was set by raster
scanning of the incident beam (Figure 11b) at the focal plane. The load resistance was set to 2.4 k() at
0.3 THz and 4.3 k() at 0.6 THz, respectively. The DC current was changed from -0.3 mA to 0.3 mA,
where positive voltage was connected to the metalized taper part of the antenna. The results of the
experimental investigation are presented in Figure 11.
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Figure 11. The noise equivalent power (NEP) at 0.6 THz (a) and voltage sensitivity (b) of the InGaAs
diode detector with different In/Ga ratios at 0.3 THz and 0.6 THz frequency with modulation frequency
of 1 kHz. Inset in the panel (a) shows the schematic design of the InGaAs bow-tie diode. Inset in the
panel (b) indicates the raster scan of the 0.6 THz beam profile at the focal plane obtained with detector
B203. Shadowed area in panel (b) indicates optimal working regime of the detector.

The NEP of the B203 sample as a function of current (panel (a) of Figure 11) shows weak
dependence at negative bias, and the minimal value of around 200 pW//Hz is reached when the
current approaches zero value. With the increase of forward bias the NEP value reaches the maximal
value of 6 n\W//Hz at 5 pA. It is worth noting that the minimal NEP value obtained here—around
200 pW/y/Hz—is much smaller than that reported earlier—4 nW//Hz [13]—due to the more optimal
growth conditions.

Figure 11b depicts the sensitivity as a function of current for all types of the studied samples at
frequencies of 0.3 THz and 0.6 THz. At is seen, sensitivity of InGaAs bow-tie diodes fabricated from
the wafers B203 and B204 increases while raising the current and reaches 17.5 V/W and 10 V/W at
0.3THzand 12.5 V/W and 7 V/W at 0.6 THz, respectively, at the bias current of 0.2 mA. Higher voltage
sensitivity of the detector B203 is caused by the larger asymmetry in the I-V curves and stronger
built-in electric fields in comparison to other studied samples. Raster scan of THz beam profile at
0.6 THz (inset in panel (b) of Figure 11) illustrates the suitability of the diode for THz imaging aims.

Hence, operation parameters of the InGaAs-based bow-tie diodes can be optimized by varying
conditions of the MBE growth. If the In/Ga BEP ratio is kept equal to 2.04, it allows one to reduce the
low-frequency noise into the lowest level among the studied structures. The increase of the In/Ga
BEP ratio to 2.06 enables one to increase the internal electric fields in the structure up to 49 kV/cm,
making such wafers well suited for fabrication of sensitive—13 V/W and NEP of 200 pW//Hz at
0.6 THz—room temperature bow-tie THz detectors and their further implementation in compact THz
imaging systems [33]. The In/Ga BEP ratio set to 2.08 permits one to achieve the highest crystallinity;
however, the internal electric fields—up to 25 kV/cm—seem to be not strong enough to provide
maximal sensitivity values in the investigated diodes.

5. Conclusions

Noise characteristics of InGaAs bow-tie diodes are investigated over the temperatures from 77 K
to 300 K. The voltage fluctuation spectral density varies proportionally to 1/f at room temperature,
and Lorentzian-type noise spectra appear at lower temperatures. The origin of the fluctuations in the
investigated bow-tie diodes is related to the defects caused by charge carrier capture centers involved
in generation and recombination processes with characteristic times from a few microseconds to tens
of milliseconds. The estimated activation energies of these centers are found to be in the range from
0.15 eV to 0.36 eV. It is supposed that they are associated with the presence of the interface defects
close to the InAs layer located between the InGaAs layer and InP substrate. The THz detectors grown
with beam equivalent pressure In/Ga ratio equal to 2.04 exhibit the minimal level of the low-frequency
noise, while InGaAs layers grown with beam equivalent pressure In/Ga ratio equal to 2.06 are found
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to be well suited for fabrication of room temperature bow-tie THz detectors enabling sensitivity of
13 V/W and NEP of 200 pW/+/Hz at 0.6 THz due to strong built-in electric field effects.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1424-8220/18/11/3760/s1.
Figure S1: The noise measurement circuit: S is the investigated bow-tie detector; Ry, denotes the load resistor;
Ryef is the reference resistor; LNA stands for the low-noise amplifier; ADC labels the analog-to-digital converter
(National InstrumentsTM PCI 6115 board); PC is the personal computer; Osc. shows the oscilloscope; Cr. indicates
the cryostat (DN 7704); and V denotes the voltmeter.
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Fibonacci or bifocal terahertz (THz) imaging is
demonstrated experimentally employing silicon
diffractive zone plate (SDZP) in a continuous wave
mode. Images simultaneously recorded in two different
planes are exhibited at 0.6 THz frequency with the
spatial resolution of wavelength. Multi-focus imaging
operation of the Fibonacci lens is compared with a
performance of the conventional silicon phase zone
plate. Spatial profiles and focal depth features are
discussed varying the frequency from 0.3 THz to
0.6 THz. Good agreement between experimental results
and simulation data is revealed.

OCIS codes: (050.1380) Binary optics, (050.1965) Diffractive lenses,
(050.5080) Phase shift, (050.6875) Three-dimensional fabrication,
(080.3630) Lenses, (080.3620) Lens system design, (110.6795)
Terahertz imaging.
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Terahertz (THz) imaging and spectroscopy displays an
attractive feature to expose new possibilities and wide-ranging
potential in many versatile applications. Already known
implementations covering security [1,2], package inspection [3],
biomedicine diagnostics [4,5] and food control [6] recently have
been extended by promising studies in investigating 2D
materials [7,8],  surface control [9] and  paintings
examination [10,11]. From practical point of view, design of a
THz imaging system should be compact, free of optical
alignment, reliable and providing an ability of relatively rapid
scans. Moreover, significant preference could be not only to
record a structure of the sample, but, via determination of
spectroscopic features, identify the object and, if possible, to
reconstruct its three-dimensional image. Interesting and elegant
approach to combine advantages of compact diffractive optics
with benefits of tomographic imaging was given in[12,13].
Employing terahertz time-domain spectroscopy (THz-TDS) and
unique feature of Fresnel lens which focal length is linearly
proportional to the frequency, tomographic images of a target
using multiple frequencies were recorded [14]. In other words,
operating in a pulsed mode and utilising a Fresnel lens at
different frequencies of the imaging beam allows objects
reconstruction at various positions along the beam propagation
path onto the same imaging plane.

In this paper, we convert the aforementioned concept into the
continuous wave and discrete frequency operation mode via
engagement of Fibonacci diffractive lenses [15]. In contrast to
recently presented 3D printed diffractive terahertz lenses [16],

E/Eo

Fig. 1. The normalized electric field ratio E/EQ distribution in x
and z directions before and after the Fibonacci diffractive zone
plate at 0.6 THz frequency. Data are obtained using 3D Finite-
difference time-domain (FDTD) simulations at the depicted
coordinate axes, electric and magnetic field orientations. Z axis
shows the THz beam propagation direction. Note that the
distribution of the electric field exhibits extended focusing
performance at a several points along the beam propagation
path.

we demonstrate design, operation and high-resolution imaging
of silicon-based Fibonacci lens for 0.6 THz frequency. It was
fabricated on a monocrystalline silicon wafer using laser
patterning earlier employed to produce multilevel phase Fresnel
lenses of high efficiency [17]. The focusing performance was
investigated theoretically and experimentally by measuring
spatial profiles, the distance between the foci and focal depth at
0.3THz and 0.6 THz. The ability to perform simultaneous
imaging with the wavelength resolution of two planes separated
by 7 mm distance was experimentally revealed. The multifocal
imaging results were compared with the performance of the
phase zone plate designed of the same diameter and material.

The Fibonacci lens design relies on Fibonacci sequence
principle when the next number of the sequence is obtained
adding up the two preceding ones. Based on the Fibonacci
numbers, a binary aperiodic Fibonacci structure can be
composed indicating that each element of the sequence is found
as the concatenation of the two previous elements. As a result,
non-uniform mapping of this structure provides the radial
profile of the Fibonacci lens [15].
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Fig. 2. (a) SEM images of the 0.6 THz Fibonacci (bifocal) silicon
diffractive zone plate with the focal distances of f = 7 mm and
13 mm; (b) the cross-section profile of ablated grooves in silicon
surface; (c) and (d) zoomed area of outer and center rings,
respectively; (e) displays the junction between the ablated and
polished silicon surface.

In our approach, silicon, which served as a highly efficient
material for multilevel phase Fresnel lenses [17], was chosen for
the Fibonacci (bifocal) lens production. Initially, theoretical
modelling of the electric field distribution in a space after the
bifocal diffractive silicon zone plate was performed by using
three-dimensional finite-difference time-domain (3D FDTD)
method. The spatial resolution was set-up from 0.01 mm to
0.115 mm. To simplify the simulation, symmetry conditions of
the structure were applied, and the absorbing boundary
conditions were set in all the directions. The normalised electric
field was recorded in the whole simulation volume. Illustrative
simulation results for the volume of 22x22x15mm?3 in x, y, z
directions are presented in Fig. 1. A source of a multi-frequency
plane wave, transparent to the reflected wave, was specified in
the front of the zone plate plane (grey semi-transparent
rectangle in Fig. 1). The predicted focusing performance of the
Fibonacci lens is demonstrated in Fig. 1. As one can see the
distribution of the electric field exhibits extended focusing

Fibonacci 1% focus 2" focus
lens plane plane
THz | b To
beam U@ |;! \: detector
1mm Signal (a.u.)
o
+, e — S~ 0
Ty S
0 2 (mm) 22

Fig. 3. Experimental demonstration of 0.6 THz radiation beam
profiles focusing evolution along the beam propagation path. The
cross-sections represent the beam alternation in focal plane
direction. The distance between cross-sections - 1 mm. 2D images
consist of 66 x 67 pixels. Pixel size 0.1 x 0.1 mm2. The dashed line
represents the cross-section position in xz plane. Upper panel depicts
part of the experimental set-up to record Fibonacci imaging.
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performance at several points along the beam propagation with
maximal intensity in the two separate focal spots of the lens.
Note that the peak of the first amplitude in the z-direction is
higher than the second one. Hence, such a lens can be a
reasonable instrument to enable a bifocal regime of operation
and provide, therefore, an option to record simultaneously
images of objects placed at the different foci.

One can underline that the focusing picture is colored by a
pattern of standing waves observed in reflection due to the
incident and reflected plane wave interference.

According to the simulation results, the design of the silicon
Fibonacci lens was developed. The focusing element was
fabricated using laser ablation technology based on industrial-
scale laser-direct-write (LDW) system based on a 1064 nm
wavelength, a 13 ps pulse, 1 MHz repetition rate, and a 60 pJ
peak energy laser (Atlantic 60 from Ekspla Ltd.) in conditions
described precisely in [17]. Sample with outside diameter of 24
mm and two foci separated by a defined distance of 7 mm was
fabricated on monocrystalline silicon (orientation (110), with
resistance 0.01-1 MQcm and refractive index 3.46. The SEM
images of the lens are shown in Fig. 2. The step-profile scanned
across the center of the sample and enlarged zones of the
ablated rings are displayed in Fig. 2(b-e). It is seen that the
ablated grooves near the center and near the edge of the
diffractive element are ablated to the depth of 100 um.

The focusing performance of the bifocal silicon diffractive
zone plate was investigated by measuring Gaussian beam
intensity distribution in the focal plane and along the optical axis
at the 03THz and 06 THz frequencies. Experimental
demonstration of the focusing was evidenced using the
experimental setup described in[17]. The radiation was
collimated by 12 cm focal length high-density polyethylene
(HDPE) lens and registered with resonant THz antenna-coupled
micro-bolometer detector [4]. The intensity of THz radiation
distribution along the beam propagation direction and cross-
sections at z-direction with a step of 1 mm was measured. The
results of the focusing performance are presented in Fig. 3. It is
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Fig. 4. Normalized THz radiation power distribution along z-axis
(a) and along x-axis at the 1st and 2nd focus (b) measured for
0.6 THz frequency radiation. The unfocused relatively scaled
0.6 THz radiation profile is depicted for comparison. The THz
power distribution for 0.3 THz is depicted along z-axis (c) and x-
axis (d) where it is compared with the distribution along x-axis for
0.6 THz measured at the 1st focus. Red solid lines in panels (a) and
(c) are the results of simulation using 3D FDTD method.



seen that two clearly distinguished focal spots are observed at
different distances, 6 mm and 13 mm, from the Fibonacci
focusing element. These foci are located at certain axial positions
determined by the Fibonacci numbers [15]. It is worth noting
that noticeable Airy disks are pronounced between the first and
second focal spots.

Aiming to prove that indeed the observed foci are related to
the Fibonacci lens performance, the cross-section of the
measured profiles and simulated focusing operation was
compared (Fig. 4.) The distribution of THz radiation power for
0.6 THz along the z-axis is depicted in panels (a), (b) and (d). For
more illustrative comparison, additionally, the data obtained at
0.3 THz (panel (c)) are presented as well. It is evident that two
well-resolved foci can be identified at 6.7 and 13.4 mm away
from the Fibonacci lens surface when illuminating the lens with
the 0.6 THz frequency radiation. One can note that experimental
data fit well with the simulated results. Moreover, the first
maximum along the z-axis is narrower than the second one
which is also in accordance with the simulated data obtained by
FDTD. The beam profile in the x-direction exhibits similar
features: the first focus is also narrower than the second one
with the corresponding full-width half-maximum (FWHM)
values of 0.46 and 0.55 mm, respectively. Note that the FWHM of
the unfocused Gaussian beam before the Fibonacci lens reaches
8.55mm, and the signal amplitude is nearly two orders of
magnitude lower as it can be nicely seen in Fig 4 (b).

To get a more expressive picture via comparison, the
radiation frequency was detuned to 0.3 THz, then both focusing
operation and profile features were evaluated and compared
with that at 0.6 THz. It is seen from Fig. 4(c) that experimental
results precisely follows the simulation data: the second focus
becomes smooth and demonstrates a trend to disappear, while
the 1¢t one experiences no significant change. If one looks from
the profile point of view, in the x-axis direction, the signal
amplitude at 0.3 THz is in a factor of 2 higher than thatat 0.6 THz
at the first focus as it is compared in Fig. 4 (d). The FWHM along
the x-axis for 0.3 THz radiation is 0.76 mm, while for 0.6 THz it
amounts to 0.46 mm.
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Fig. 5. Photo (a) of the resolution target with indications of the
period in mm scale. Dashed line indicates measuring place to
determine cross section; (b) - cross section of the THz beam profile
along the x-axis at y=22 mm, data lines shifted by a factor of 0.5 for
convenience of illustration. THz images of resolution target at
0.6 THz: (c) panel presents image at 6.6 mm away from the
Fibonacci lens (the first focus plane) while (d) shows - at 13.3 mm
(the second focus plane).

As the bifocal operation is clearly resolved, one needs to
evaluate its spatial resolution and demonstrate the THz
Fibonacci imaging. Spatial resolution was investigated using
specially constructed resolution target consisting of periodic
metallic stripes (photo depicted in Fig.5 (a)) with different
distances in between. As one can see, the smallest period of
stripes which was clearly resolved in both foci is 0.8 mm, i. e. it
amounts to 1.6 factor of wavelength, 1.6xA. Therefore,
reasonable spatial resolution can be expected and excellent
quality in recording THz images in both focal planes
simultaneously.

For the Fibonacci imaging aims a special sample was
constructed. It is based on a plastic frame of 7 mm thickness to
fit the distance between both foci as is illustrated in (Fig. 4 (a)).
The frame was then covered with a sticky tape from both sides
enabling thus, on the one hand, transparency for THz light and
ability to record images in transmission geometry, on the other
hand, to realise two planes for attachment of the objects under
test. To get broader illustration different objects were chosen
(Fig. 6 (@)). The sample’s 1st plane was composed of “FTMC” -
Lithuanian abbreviation of the Center for Physical Sciences and
Technology - written in pencil on the office paper, resistor with
0.5 mm width leads, SMD 1206 resistor, 4.6 mm width washer, 4
mm width nut, 6.7 mm width washer. The sample’s 2nd plane
consists of SMD 1206 resistor, 4.6 mm width washer, 0.5 mm
width pin, 1.27 mm pin pitch SOIC package, resistor with 0.5 mm
width leads, 6.7 mm width washer. Terahertz imaging results
obtained using various diffractive optics elements are shown in
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Fig. 6. THz images at two planes, separated by 7 mm spacer
obtained simultaneous recording at 0.6 THz. Photos of the
sample (a). THz images at 0.6 THz obtained using conventional
zone plate: image focused on the 1st plane (b) and focused on the
2nd plane (c). Images obtained using bifocal zone plate: optimal
image taken by moving the sample along z-axis to achieve the best
contrast in both sample planes (d) and image taken at the highest
contrast in the 2nd plane contrast (e). Positions of signal amplitudes
used for SNR calculations are represented as white lines with dots.

X (mm)
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Fig. 6, panels (b-e). Each image was acquired in 500 s time and
consists of 400 x 250 pixels with 0.3 mm pitch.

Initially, the conventional diffractive silicon phase zone plate,
SDZP, [17] with the focal distance of 10 mm was investigated,
and relevant images were recorded. THz images at 0.6 THz are
displayed in panels (b) and (c) of Fig. 6. Results show that using
SDZP the THz images of good quality (signal-to-noise ratio, S/N,
is more than 800) can be recorded aligning imaging to relevant
foci. It is clearly seen from Fig. 6(b), when the focus is tuned to
the first plane, it enables to image objects in the first plane, even
pencil written letters “FTMC” - are evidently resolved. However,
the image quality of the objects placed in the second plane is not
tolerable - images are blurred, S/N ratio is in the range of 40.
Similar picture was obtained with the tuning to the second plane
- in that case objects placed in the second plane can be plainly
distinguished (S/N ratio is in the order of 900), but the THz
image quality in the first plane is strongly decreased, especially it
can be seen that the letters “FTMC” are hardly to be resolved.
(Fig. 6(c)). Therefore, the conventional phase zone plate is not
suitable for simultaneous THz imaging in both planes.

In contrast, in bifocal zone plate case, the image was recorded
collecting the THz light from both foci in a single scan. Results
are depicted in Fig. 6 (d). Since both planes are in focus now, all
the objects placed in both planes as well as pencil written letters
“FTMC” are clearly resolved. S/N ratio in the first and the second
foci is respectively in the order of 1500 and 300.

It is interesting to compare operation of both diffractive
components - conventional SDZP and the Fibonacci lens. To set
the same recording conditions, the imaging system was tuned
for THz radiation collection just from the 2nd focus of bifocal
zone plate in order to compare the resolution with the
conventional SDZP. The obtained image is shown in Fig. 6 (e). If
compare it with the image given in Fig. 6 (c), one can see that
second sample plane spatial resolution is comparable to
conventional zone plate image, while the image resolution in the
first plane is strongly decreased. It let to conclude that two plane
THz imaging can be performed using Fibonacci (bifocal zone)
plate reaching simultaneously wavelength resolution in both
foci.

To conclude, the silicon-based Fibonacci (bifocal) diffractive
zone plate for 0.6 THz frequency has been developed, and its
employment for bifocal THz imaging with the wavelength
resolution was demonstrated. It not only enriched a family
bifocal focusing elements like bifocal zoom lenses using
plasmonic metasurfaces [18], fractal zone planes with reduced
aberration in visible range [19], plates based on generalized m-
bonacci sequence [20], but also extended routes to manipulate
with THz beam [21] in continuous wave mode using diffractive
optics components providing thus an additional tool for further
development of compact and alignment-free THz imaging
systems.
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Abstract: Bessel terahertz (THz) imaging employing a pair of thin silicon multi-phase diffractive
optical elements is demonstrated in continuous wave mode at 0.6 THz. A proposed Bessel
zone plate (BZP) design — discrete axicon containing 4 phase quantization levels — based on
high-resistivity silicon and produced by laser ablation technology allowed to extend the focal
depth up to 20 mm with minimal optical losses and refuse employment of bulky parabolic
mirrors in the imaging setup. Compact THz imaging system in transmission geometry reveals a
possibility to inspect objects of more than 10 mm thickness with enhanced contrast and increased
resolution up to 0.6 of the wavelength by applying deconvolution algorithms.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Employment of terahertz (THz) radiation to inspect thick objects is one the most considerable
difficulties in THz imaging technology. As a rule, THz beam propagation in bulky media suffers
phase perturbation and troublesome attenuation inducing thus deterioration in the image contrast.
This outcome is a strong obstacle in implementation of versatile hand-held unattended package
inspection systems [1], development of single pixel imaging methods [2] or spectroscopic imaging
systems [3,4]. To circumvent the issue one needs to apply special optical means aiming to
organize a self-reconstructing beam profile. Moreover, these advantages should be built-in in the
setup preserving simultaneously features of convenient usage of terahertz imaging systems: they
should be compact, preferably, free of optical alignment and cumbersome optical components,
reliable, and providing an ability of relatively rapid scans. The first hurdle can be well-evaded
reshaping conventional Gaussian beam profile into the Bessel beam [5,6], while reduced size
of the THz imaging system can be kept using compact THz emission sources, e. g. quantum
cascade lasers [7-9], or electronic emitters [10], compact sensitive detectors such as nanometric
field effect transistors [11-13], microbolometers [14—16], diode structures-based sensors [17-20],
but, in particular, via replacing bulky optical passive elements, for instance, parabolic mirrors
by relevant diffractive optical components [21,22]. As it was shown recently, laser ablation
technology was found to be powerful tool to fabricate effective Fresnel zone plates of different
diameters [22,23], to produce anti-reflective and phase shifting structures [24] and apply them
successfully for Fibonacci (bifocal) THz imaging [25]. The latter approach with two planes
simultaneous image recording not only enables an increase in registration speed — imaging
systems containing such kind of zone plates are capable to reach wavelength limited resolution
even in case when the focal length is less than a few cm. However, it needs to be underlined that
the image quality is strikingly sensitive of the sample position in respect to diffractive optical
element. This circumstance, especially, in exploring thick objects in real environment, turns
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into an ultimate challenge as image becomes blurred resulting in complication in resolving and
identification of the recorded data.

In this work, we introduce a novel route to overcome aforementioned issues — thin and
compact Bessel zone plates (BZP) based on silicon multi-phase diffractive optics — are designed,
produced and demonstrated in the THz transmission imaging system. In contrast to already known
approaches in fluorescence [26] and light-sheet microscopy [27], where a single diffractive element
is employed in combination with conventional lenses, we propose to use in the experimental
setup a second BZP for enhanced imaging purposes in terms of increased compactness. The
discrete axicons containing 4 phase quantization levels were fabricated from a high-resistivity
silicon by employing laser ablation technology allowed to extend the focal depth up to 20 mm
with minimal optical losses and refuse employment of bulky parabolic mirrors in the imaging set
up. Compact THz imaging system reveals possibility to inspect objects of more than 10 mm
thickness with enhanced contrast, weak dependence on the sample thickness and position due to
long focal depth as well as increase its resolution up to high level by applying deconvolution
algorithms [28].

2. Design and fabrication

The choice of discrete axicons relies on their advantages being more compact and exhibiting
much less optical losses in the material if compared with classical cone axicons [29]. Moreover,
their manufacturing is much easier because the accuracy of the cone requires special attention,
especially, in the central zone with the tip of the cone. As an important detail in the design served
our previous finding that at least 4 phase quantization levels are required for rational trade-off
between the effective focusing performance and the fabrication complexity [22] . Silicon discrete
BZP design was simulated using three-dimensional finite-difference time-domain (3D FDTD)
method.

Silicon wafer of 0.52 mm thickness with specific resistance 10-1000 kQ- cm and refractive
index of 3.44 served as the core material for the manufacturing of the BZP. Their design with
phase quantization level of P = 4 were processed employing laser direct ablation technology.
The set up was composed of Pharos-SP laser (Light Conversion Ltd, wavelength 1028 nm, pulse
duration = 350 fs, energy = 50 pJ, repetition rate = 100 kHz), IntelliSCAN-14 scanner by
ScanLab and F-Theta £100 lens by SillOptics with scanning speed = 1000 mm/s.

Design and fabricated BZP of 20 mm diameter are depicted in Fig. 1. Panel Fig. 1(a) displays
the BZP peculiarities of four phase quantization design and its cross-section of the central
part with indicated dimensions, while panel Fig. 1(b) shows photo of the fabricated discrete
axicon was obtained by Hirox KH-7700 microscope. Enlarged subzones of the ablated rings
with detailed geometrical parameters are displayed in Fig. 1(c). Measured subzones depths of
produced structures are iy = 47 um, h, = 106 um, h3 = 154 um, and these results are in a good
agreement with calculated ones. The center hole in the BZP was used for the optical alignment.

Point of departure for the beam profile modelling was the proposition that a unit amplitude
plane illuminates a thin circular hologram with complex transmission function

H(p) = exp(—ik,p) )

where k, = ksin#, k is the wave number, 6 is the halfcone angle of the Bessel beam and p is
the radial coordinate in the (x,y) plane. A practical realization of the smooth phase function
described by the Eq. (1) is rather complicated. For the sake of the simplicity we implement a
quantified phase coded hologram with a complex step-like profile, so the complex transmission
function N levels can be written as

1(p) = exp (—ikp {Nps/ilne _N V’SMJJ l) , ©)

1 ]]N
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Fig. 1. (a) Bessel zone plate design and its cross-section of the central part with marked
dimensions in microns of four phase quantization levels. (b) The photo of thin silicon-based
Bessel diffractive element for the 0.6 THz. (c¢) 3D reconstruction of the zoomed area in the
center part displays ablated and polished silicon surface, 4 indicates the places where groove
depth was measured using Hirox digital microscope.

The spatial frequency of the hologram is determined by the relation
kposin@ = 2, (3)

and the difference dh in the heights of the steps &1, h2, h3, see Fig. 1, is defined as k(n — 1)dh=
27 /N, here n is the refractive index of the material used for production of the hologram, and N
is the quantization number. In our case, the axicon angle can be estimated from Eq. (3), here
k=2n/A, po = 1.4 mm, giving 8 = 0.36 rad. The length of the Bessel zone can be estimated
from the geometry of the setup [30] and is given by the formula L = 2Dcotan(6). For plane
wave illumination, D is the radius of BZP, D = 9.8 mm and 0 is axicon angle. This gives us
the maximal theoretical Bessel zone length of 52 mm. However, in our case, see Fig. 2(e) the
FWHM of the incident Gaussian beam is approximately 7.5 mm, thus reducing the length Bessel
zone to approximately 20 mm. Propagation of the electric field after a discrete axicon mask was
estimated numerically using the Eq. (5) (Appendix A).

3. Results and discussion

Silicon discrete BZP focusing properties were also modelled using 3D FDTD method. The
simulation was performed with spatial resolution from 10 gm up to 100 um. To simplify
calculations, symmetry conditions of the structure were used, and the absorbing boundary
conditions were set in all directions. Plane wave of 0.6 THz frequency served as an excitation
source. The electric field was recorded in the whole simulation volume.

The simulated Bessel beam 2D cross-section at the center of BZP via normalized electric
field reconstruction at 0.6 THz frequency is shown in Fig. 2(a). As it is seen, one can expect
transformation of the plane electric field profile into a needle-like shape along the beam
propagation.

To confirm the prediction, performance of the BZP was investigated by measuring Gaussian
beam intensity distribution in the focal plane and along the optical axis at 0.6 THz frequency using
modified experimental setup [22]. The THz radiation was registered by resonant THz antenna-
coupled microbolometer detectors [14]. Results of the focusing performance are presented in
panels Figs. 2(b) and 2(c). One can see clearly resolved focal spot of a needle shape starting from
z =4 mm and ending at z = 21 mm away from the BZP sample as expected. For comparison,
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Fig. 2. (a) Normalized THz radiation power distribution simulation using 3D FDTD method
in xz plane. (b) and (c) — Measured distribution of the THz radiation in xy plane and in xz
plane, respectively, at 0.6 THz frequency focused by the Bessel zone plate. Insets in (b) and
(c) show performances of the multi-phase Fresnel zone plates with 4 phase quantization
levels (MPFL) for comparison in the same scale. (d) and (e) — Experimentally evaluated
distribution (black line) of THz signal amplitude along z axis and x axis, respectively,
compared with the results of the simulations using 3D FDTD method (orange lines) and
MPFL focusing (green lines). Collimated radiation profile at 0.6 THz is also depicted for
comparison.

insets in Figs. 2(b) and 2(c) denote focusing performance of multilevel phase Fresnel zone plates
lens (MPFL) with 4 phase quantization levels and 1 cm focal length [22] in the same scale.

More detailed focusing features can be extracted analyzing THz signal amplitude distributions
along z axis and x axis. Experimental results compared with the relevant simulation data are
presented in Fig. 2(d). It is seen that the Bessel peak amplitude value is located at z = 9 mm with
the 20 mm depth of focus evaluated at 1/e? of the maximal amplitude value. For comparison, the
MPFL with the same focal distance at 10 mm, reveals at least 6 times shorter focal depth reaching
only 3 mm. It is worth noting that the simulated and the measured focused beam profile along the
optical path are in a good agreement and displays only negligible deviation between each other
as it can be observed in the peak around z = 15 mm. The focused beam profiles with BZP and
MPEFL as well as collimated beam profile cross-section in x direction are given in Fig. 2(e). Our
experimental realization of the Bessel beam is inline with standard finite energy approximation —
Bessel-Gaussian beam. In this model the envelope has a Gaussian profile, therefore it is helpful
to use semi-logarithmic scale to estimate the width of Gaussian envelope. And indeed, we see,
that the width of a Gaussian envelope is approximately 3 mm. The estimated full width half
maximum (FWHM) for both diffractive elements are ~ 0.43 mm. One can note that the unfocused
incident Gaussian beam before the Bessel zone plate exhibits FWHM = 7.2 mm, while the signal
amplitude is nearly 15 dB lower.

While planning our experiment, we have carefully chosen parameters so, that the Gaussian
envelope of Bessel-like beam had sufficient width to enable diftractionless behavior of the beam
[31]. We found that our estimations are also in line with recent results [32].

Experimental results on the Bessel focusing performance are presented in Fig. 3. Panel (a)
presents imaging resolution and its dependence on the target position relevant to the BZP lens
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from z = —6 mm to z = 6 mm by 1 mm steps. It was estimated using specially constructed
resolution target consisting of periodic metallic stripes with different distances in between as
shown in Fig. 3(b). It is worth underlying that the Gaussian beam was focused on the sample
and transmitted radiation was collected in a novel way — without parabolic mirrors employing
two BZP lenses instead, — and it is the main difference from the set up described elsewhere [22].
As one can see in Fig. 3(c), apertures of 2.5 mm to 0.6 mm periods in all images can be clearly
resolved. Moreover magnified image of 0.6 mm period aperture indicates that spatial resolution
of 0.3 mm can be reached applying deconvolution procedures. One can note that it amounts to
0.6 A.
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Fig. 3. (a) Experimental demonstration of the Bessel focusing performance using resolution
target imaging at 0.6 THz radiation along the beam propagation path. The cross sections
of resolution target position along optical path represent the resolution alternation in the
focal plane direction. The distance between cross sections was set to 1 mm. 2D images
consist of 390 x 116 pixels. Pixel size: 150 pm x 300 pm. (b) Photo of the resolution
target with indications of the apertures period in mm scale. (c) Enhanced contrast image of
resolution target at 0.6 THz after the deconvolution procedure, where blue line represents the
cross-section of each period of stripes (data lines shifted down for convenience of illustration).
(d) Dependence of signal to noise ratios on z coordinate evaluated for apertures of 1 mm,
2 mm and 2.5 mm period. (e) Dependence of imaging resolution on aperture period, where
the target position in z direction is fixed at z = —4 mm. Enhanced image resolution after
deconvolution procedure is shown additionally for comparison.

Raw images recorded with BZPs displays blurred characteristic due to the conical structure
of the Bessel beam and its side lobes, which is seen in Fig. 2(e). This distinctive feature of the
circular transversal structure of the Bessel beam apparently distorts the recorded images. This
can be understood taken into account the fact that the intensity in the first ring of the Bessel beam
is equal to that of the central spike. Due to the propagation invariance of the Bessel beam, the
shape of this blur is relatively independent of the position in the field-of-view. Nevertheless, the
whole recorded stack of images can be approximated as a convolution of the object function with
a spatial intensity distribution of the Bessel beam. This understanding enables to use standard
deconvolution techniques allowing thus to recover the transversal resolution of the Bessel beam
imaging. It is evidenced in Fig. 3(c), where the reconstructed image of all raw images in z
direction is depicted. The blue line represents cross sections of the target apertures. As it is seen,
the smallest period of stripes, which was clearly resolved is 0.6 mm. As the wavelength at 0.6 THz
is 0.5 mm, therefore, the wavelength limited spatial resolution and good quality can be expected
in recording THz images independently of the sample distance from the BZP. Dependence of
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signal noise ratio (SNR) evolution on the target position along z axis for target aperture periods
of 1 mm, 1.6 mm and 2 mm are depicted in Fig. 3(d). It should be noted that SNR for 2 mm
aperture exceeds 2 times and is weakly dependent of the target position in z direction. The same
trend is kept for other apertures, too, however, the SNR value is reduced and varies around 1.5.
Furthermore, sample position does not provide significant effect for the different aperture periods.
It illustrates the Bessel beam advantage to be insensitive for inaccurate sample positioning with
respect to BZPs location. By applying deconvolution technique contrast enhancement up to
5 times is reached for aperture periods starting from the wavelength scale up to 1.25 mm. It
is apparent in Fig. 3(e), where enhancing SNR is visible for larger features. Combination of
deconvolution algorithms and the Bessel beam enables high resolution imaging, as it could be
seen from Fig. 3(e), where 0.3 mm aperture is resolved with SNR=5 without the necessity of the
accurate position of the object under test. We note that the structured illumination (Bessel and
other non-diffracting beams) was successfully applied for imaging purposes in fluorescence [26]
and light sheet microscopy [27], where resolution less than wavelength was achieved. Details on
the deconvolution algorithms and filters are available in Supplementary material.

To illustrate the quality of the Bessel THz imaging, a specially designed stack of targets for
thick media imaging measuring 30 mmx60 mmx3 mm was 3D printed with PLA filament using
Ultimaker 2 printer. Figure 4(a) demonstrates principle of the imaging procedure, where the
object, with thickness varied from 3 mm to 12 mm, was placed between two silicon BZP, i. e.
no parabolic mirrors were employed in image recording. For comparison, the same imaging
procedure was also performed using conventional MPFL with f = 10 mm and P = 4 characterized
in Figs. 2(b) and 2(c). Imaging results of the different sample thicknesses using Bessel zone
plate and MPFL are given in Figs. 4(b) and 4(c). Varying the content of the stack from 1 to 4
identical targets, the Bessel imaging advantage is revealed via obtained horizontal profiles up to
stack thickness of 12 mm in Figs. 4(d) and 4(e). As we can see in Figs. 4(d) and 4(e), in the case
of 3 mm aperture and thickness of 1 sample SNR = 8 is achieved with MPFL while SNR = 4
was obtained with BZP is worse due to self-healing effect [6] and much longer depth of field of
Bessel beam. The advantage of BZP appears when the stack is composed of 2 or more samples:
SNR achieved with BZP increases from 2 to 4 times better values than MPFL.

3-
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Fig. 4. (a) Part of Bessel imaging setup displaying object under test placed between two
silicon BZP. (b) and (c) — Stacks of 1 to 4 identical targets were imaged using Bessel zone
plates and conventional MPFL, respectively, aiming to evaluate THz imaging performance
of thick objects. (d) Beam profiles at y=17 mm (position is marked as dashed black line in
(b) and (c) of obtained images using BZL. (e) MPFL beam are shown for comparison.
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4. Conclusions

To summarize, Bessel terahertz imaging of more than 10 mm thickness objects via silicon
multi-phase diffractive optics is designed and demonstrated in continuous wave mode at 0.6 THz.
Discrete axicon containing 4 phase quantization levels based on high-resistivity silicon allowed to
extend the focal depth up to 20 mm with minimal optical losses and record images with to up 5-fold
enhanced contrast and increased resolution up to 0.6 A by applying deconvolution algorithms.
Experimental data agree well with the modelled results obtained using three-dimensional
finite-difference time-domain method.

Appendix A: Description of the deconvolution algorithm

A standard minimum mean square error (Wiener) filter to process the 3D-stack of recorded
data (more information can be found in [28]) was employed. Bearing in mind the fact that the
convolution can be understood as a multiplication performed in Fourier (reciprocal) space, each
spatial frequency of the object was multiplied independently with the point spread function of the
imaging system H(x, k;). The deconvolution can be performed in the Fourier space by correcting
the spatial components of the recorded image stack I(x, y, k;) by multiplying it with Wiener filter
Hy(x, k;) — the filter, given by the equation [28]:

H*(x, k;)

H,(x,k;) =
(k) = T P + SNR 2 ()

“)

minimizes the expected mean square error for a signal-to-noise of the model, SNR(k;).

The main drawback of such approach is the limited knowledge on the optical transfer function,
which requires some additional experimental measurements in our setup. In order to overcome
this issue we have compared results obtained using an experimentally measured intensity profile
of the Bessel beam with results obtained using the equation, see Ref. [33]:

1 o o eikr
u(x,y,Z)=/l—l. / / g(xo,yo)deodyo ©)

where r = y/z2 + (x — x0)? + (¥ — y0)?, coordinates (x, , z) being the coordinates of the free space
and (xp, yo) being coordinates of the plane of the axicon mask. Wave number k = 277/, A is the
wavelength and g(xo, yo) is the transmission function of the mask.

It enabled us to estimate the signal-to-noise function SNR. One can note that due to limited
knowledge of the actual spatial distribution of the Bessel beam some inaccuracy and artifacts can
be expected.

Implementation of the deconvolution algorithm mainly follows procedures described in [27,28]
with implementation containing two parts. The first one is calculation of the deconvolution of the
filter, see Eq. (4) and its application to the 3D stack of images, while the second part is dedicated
to the deconvolution of the object image.

Appendix B: Calculation of the deconvolution filter

The point spread function (PSF) of the discrete axicons used in the setup was experimentally
determined. The digitally scanned 3D intensity distribution of the Bessel beam u(x,y, z)
corresponds to the PSF function of the focusing system, see Fig. 5. Integration of the intensity
along the y-axis allows to arrive at the function F(x,z) = L 0:0 u(x,y, z)dy. From this function
the optical transfer function H(x, k;) was calculated by performing one dimensional Fourier
transform H(x, k;) = F {u(x,y,2)}.

As a next step, a model for a signal-to-noise ratio was introduced, and a power law distribution
SNR(k;) = akcuiof k-, was used initially, where a is some experimentally determined constant
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needed to adjust the signal-to-noise ration of the recorded 3D image stacks and k., denotes
maximum spatial frequency which can be optically transmitted through the focusing system.
It can be readily approximated from the numerical aperture of the used axicons and from the
wavelength of the Bessel beam.

Appendix C: Deconvolution of the object image
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Fig. 6. Results of Bessel THz imaging after deconvolution using different noise parameters
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Deconvolution algorithm calculation itself takes a few minutes, however we additionally do
estimate effects due to a) signal-to-noise-ratio, b) slight misplacements of the sample during the
z-scan and c) imperfections in experimental determination of Bessel beam profile. Additionally,
these estimates are performed iteratively and may take up to 10 minutes. Here, we would like to
point out that those estimations are given without any optimizations to the code.

Possible deconvolution artefacts were minimized by implementing cubic interpolation of the
images in order to compensate probable lateral shift due to the axial translation. This also enabled
to increase the spatial resolution.

Numerical simulation were performed using I(x, y, k;) = F_{i(x, y, z}, where i(x, y, z) is cubically
interpolated 3D stack of images. Deconvoluted image iz..(x, y, z) of the object was calculated
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inverse Fourier transform after applying the Wiener filter to I(x,y,k;). Examples of the
deconvoluted images using different noise parameters of the object are presented in Fig. 6.
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Featured Application: Convenient and easy-to-use detectors for accurate adjustment and control
of spatial mode profiles without additional focusing components for various weak power THz
sources operating either in time-domain or continuous wave regimes.

Abstract: Terahertz (THz) imaging and spectroscopy set-ups require fine optical alignment or
precise control of spatial mode profile. We demonstrate universal, convenient and easy-to-use
imaging—resonant and broadband antenna coupled ultrasensitive titanium-based—dedicated to
accurately adjust and control spatial mode profiles without additional focusing optical components
of weak power THz sources. Versatile operation of the devices is shown using different kinds of
THz—electronic multiplier sources, optical THz mixer-based frequency domain and femtosecond
optoelectronic THz time-domain spectrometers as well as optically pumped molecular THz laser.
Features of the microbolometers within 0.15-0.6 THz range are exposed and discussed, their ability
to detect spatial mode profiles beyond the antennas resonances, up to 2.52 THz, are explored.
Polarization-sensitive mode control possibilities are examined in details. The suitability of the
resonant antenna-coupled microbolometers to resolve low-absorbing objects at 0.3 THz is revealed
via direct, dark field and phase contrast imaging techniques as well.

Keywords: microbolometer; terahertz sensing; terahertz imaging systems; dark field method; phase
contrast method

1. Introduction

Terahertz (THz) imaging and spectroscopy revealed itself as promising technologies for a large
variety of applications [1]. Because of non-ionizing nature of THz radiation, imaging in this range can
be found as a beneficial tool for medicine and biomedical stuff inspection [2-4]. As THz frequencies
display the ability to propagate in dielectric medium without strong attenuation, THz imaging
and spectroscopy can also serve as valuable instruments for security needs [5-7], post packages
inspection [8-10] or industrial materials control and their identification [11-14]. However, direct
implementation of THz technology still meets severe difficulties related mainly to reliability of active
components (emitters and detectors) and issues of precise alignment of the optical system due to the
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presence, as a rule, of passive bulky optical elements like mirrors, lenses or beam splitters. Thus,
effective and convenient operation under real environmental conditions still needs to overcome
alignment and compact optics problems [15]. On the other hand, it is of decisive demand to provide
adequate and favourable control of the spatial mode profile of illumination. In particular, it has strong
impact in THz spectroscopy for quality of recorded THz spectra in increasing its bandwidth, lowering
the noise floor, as well as by reducing uncertainties in observational data [16-18]. It displays also
important role in THz imaging, especially, in examining bulky objects when extraordinary means are
needed to be applied in THz beam engineering aiming to provide appropriate image quality [19,20].

Spatial mode profiles of discrete THz spectrum radiation from backward wave oscillators and
quantum cascade lasers were already studied by employing thin film vanadium oxide (VOx) based
bolometers [21]. Moreover, image of the beam emitted by an optoelectronical THz time-domain
spectrometer was recorded using a camera integrating an array of THz optimized antenna-coupled
amorphous silicon-based microbolometers [22]. Indeed, it is of distinct interest as THz time-domain
spectrometers become widespread, they require precise alignment to get well collimated THz beams,
hence, it is beneficial to engage easy-to-use imaging detector to accurately adjust these optical systems.
The sensitivity of the presented microbolometers allowed to register images of spatial mode profiles as
well as video images despite the fact that their average power was in the range of a few uW [22].

The developed and described here antenna-coupled titanium-based microbolometer (Ti-mB) [23]
was initially applied in compact THz imaging systems for security aims [24,25]. Its high sensitivity was
successfully exploited also in medical applications via direct THz imaging of carcinoma affected tissues [26].

In a given work, by coupling of the titanium microbolometers with relevant resonant antennas,
we modified these sensitive detectors into universal, convenient and easy-to-use imaging instruments
well-suited to accurately adjust weak power THz sources without additional focusing components.
They can be employed in imaging systems operating either in time-domain or in continuous wave
modes for precise alignment and control of their spatial mode profiles. Versatile operation of the devices
is displayed engaging different kinds of THz emitters — electronic multiplier sources (THz ELS), optical
THz mixer-based frequency domain (THz FDS) and femtosecond optoelectronic THz time domain
(THz TDS) spectrometers as well as optically pumped molecular THz laser (THz OPML). Features
of the microbolometers coupled with resonant antennas in subTHz range, within the 0.15-0.6 THz
range, are exposed and discussed here. The ability to monitor spatial mode profile even far above the
antennas resonances, up to 2.52 THz, is explored. Moreover, the possibilities of polarization-sensitive
mode control are examined in details, and the recorded mode control results are compared with that
obtained using commercially available pyroelectric sensors. In addition, the suitability of the resonant
antenna coupled Ti-mB to resolve low-absorbing objects at 0.3 THz is revealed via direct, dark field
and phase contrast imaging techniques.

2. Bolometers’ Design and Experimental Set-Ups

The design of antenna-coupled Ti-mB and its cross section are presented in Figure 1. As it can be
seen, the device is constructed using air-bridged approach. The dual dipole THz antenna is coupled
to the bolometer and serves as a filter that aims to efficiently collect the incident THz radiation and
convert its energy to temperature change. The Ti-mB and THz antenna were processed on a few
microns thin SIN membrane to enhance the sensitivity and the response time via reduction of thermal
losses of the instrument. The metalized bottom plate under the antenna-bolometer acts as reflecting
mirror, additionally amplifying the received signal on the dipole. More detailed description on the
design and the technology used to manufacture such devices can be found in Refs. [23,24].
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Figure 1. The photo of the designed terahertz titanium-based microbolometer with antenna and
filters (a). The enlarged view of the bridge active part of the microbolometer: the antenna area is
approximately 500 pm x 500 pm, the geometry of visible titanium bridge amounts to 12 pum length and
2 um width (b). The cross-section of microbolometric detector. Note that the selectivity was enhanced
by adjustment of the dipole antenna geometry and the resonant-cavity design: back side reflection
mirror was positioned at the quarter wavelength distance (c). Adapted from Refs. [23,24].

Experimental set-ups for terahertz beam profiles imaging and their control are shown in Figure 2.
All experiments were performed using raster scanning technique with one pixel detector from linear
array of 4 or 32 pixels to obtain beam profile images in xy plane. The measuring time per pixel in
most experiments was in between 10 ms and 20 ms. The technical details on used equipment and
measurement techniques are presented in Section 4.

Electronic 4
muttiplier chain | 2= ubolometer _‘ f
\ 4 B
)
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Source 1 (HDPE) Y

) & pa——
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Figure 2. Experimental set-up for imaging of terahertz beam profiles using different THz emitters.
Source 1—electronic multiplier chain emitting radiation of 0.15 THz, 0.3 THz and 0.6 THz frequencies in
continuous wave mode. Source 2—low temperature grown galium arsenide (LTG GaAs) photo-mixer
coupled with silicon lens in frequency domain spectrometer delivering radiation from 0.1-2 THz.
Source 3—photoconductive antenna on LTG GaAs from time domain spectrometer generating
broadband radiation up to 2.5 THz. Source 4—optically pumped continuous wave molecular THz laser
emitting the discrete spectrum at 0.76 THz, 1.63 THz and 2.52 THz. Center panel displays photo of
Ti-based microbolometer.

3. Measurement Results and Discussion

Conventional the diagnostic tool to investigate the THz beam’s spatial profile is typical beam
imaging, where radiation intensity is scanned in the plane perpendicular to the direction of propagation.
To measure the beam profile, focusing optics is usually used to concentrate THz radiation aiming to
increase the detected signal. However, any additional focusing element in beam path can distort the
beam profile and in many cases cause unwanted interferences. In the THz range, it is of particular
importance to use off-axis parabolic mirrors, but then small misalignment can strongly affect the beam
profile. As an alternative, one can use plastic lenses; however, they display feature to change focus
distance depending on the frequency of incident radiation and they are not so attractive in broadband
THz TDS systems, where frequency range, as a rule, extends by two orders of magnitude. To measure
the beam profile correctly, one needs to scan unfocused beam that requires high responsivity THz
sensor to have sufficient signal-to-noise ratio (SNR). The use of a coherent detector in such a case is
limited because the Si lens coupled detector yields limited imaging resolution. Usually, one can employ
conventional variable size aperture scanning and Hartmann test techniques to measure far field beam
profile [16]. One can note that such approaches are easy to apply and do not require reconfiguration of
set-up, nonetheless, reaching high spatial resolution, especially for high THz frequencies, can be rather
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complicated because it is determined by the aperture size, and its reduction, consequently, induces the
decrease in SNR.

3.1. Mode Control in Electronic Multiplier Sources

Initially, the focus of the investigation was attributed to spatial features of THz radiation delivered
from electronic multiplier sources. One can note that profile was artificially perturbed by detuning the
source from the optimal working regime. The results are shown in Figure 3, where the performance
of Ti-mB to record a continuous wave (CW) mode is demonstrated for different polarizations and
at three selected frequencies 0.6 THz, 0.3 THz and 0.15 THz. For comparison, measurement results
registered by the pyroelectric detector are illustrated in a panel (a) of Figure 3, while the beam profiles
at different polarizations are presented in panels (b) and (c). Pyroelectric detector in principle does
not detect the polarization of the incident light, thus, registered signal represents total power value of
the THz radiation. Despite this fact, the signal values induced in microbolometer and presented in
panel (b) are 4-7 times larger than those in panel (a) if compared within the same frequency. In contrast,
the microbolometer is polarization-sensitive, thus, not only the mode profiles, but also their fine
structure are clearly resolved, which is visible in Figure 3b,c. Comparing the polarization extinction
ratio (PER), it amounts to 11 dB, 11.8 dB and 7.8 dB at 0.6 THz, 0.3 THz, 0.15 THz, respectively,
which indicates the suitability of the Ti-mB for polarization-sensitive applications. Special emphasis
is required to the results obtained at 0.15 THz (panel (c)). Estimates show that the microbolometer
connecting wires can act as additional coupling antennas disturbing consequently precise control of
the radiation polarization and the mode shape.
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(a) 0.60 THz . 0.30 THz 1 0.15 THz
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Figure 3. Scheme of polarisation orientation and THz beam profiles obtained using electronic multiplier
chain source operating in a continuous wave (CW) mode at different frequencies: 0.6 THz, 0.3 THz and
0.15 THz. Reference measurements using pyroelectric detector (a); results using microbolometer when
the dipole antenna is in parallel to the electric field of the incident light (b); results using microbolometer
when the dipole antenna is perpendicular to the electric field of the incident light (c). White lines
indicate intensity cross sections along the relevant axes.

3.2. Mode Control in Frequency Domain Spectrometer

One of the important issues to record qualitative spectra, is the precise alignment of the
spectroscopic or imaging systems. To illustrate suitability of Ti-mB for such aims, we have performed
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a special study using optical mixer-based frequency domain spectrometer. The THz FDS is operating
within the frequency range 0.1-2 THz and it delivers radiation of circular polarization of about 1 pW
power at 0.2 THz. Therefore, no exceptional attention was attributed to the polarization-related
features; however, we restricted ourselves to subTHz range, close to the designed antennas resonances.
The mode profile was disturbed intentionally to reveal abilities of the device in recording spatial mode
structure. The mode profile was not corrected intentionally. A linear array of the bolometers coupled
with antennas exhibiting resonances around 0.2 THz and 0.4 THz was investigated. The results of
the measurements are presented in Figure 4. As it is seen, spatial mode profiles are clearly resolved,
in particular, at 0.2 THz (panel (a)), where delivered power is close to the maximal value.
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Figure 4. THz beam spatial profiles emitted by low-temperature grown GaAs-based emitter in
frequency domain spectrometer at 0.2 THz (a) and 0.4 THz (b) recorded using a linear array of the
bolometers coupled with antennas. White lines indicate intensity cross sections along the relevant axes.
Spectral characteristics of the detectors with different resonant dipole antennas and spectra normalized
to the spectrometer signal-to-noise ratio (SNR) (c); full-width half-maximum (FWHM) dependency
on the wavelength with linear approximation depicted by the dark yellow line (d), configuration of
measurement scheme and polarization are depicted in the inset of (d). A photo of dual frequency THz
linear array, where the top line of pixels is designed for frequencies around 0.2 THz and the bottom
line for frequencies around 0.4 THz. The pixel pitch is 2 mm (e).

Moreover, the frequency selected exactly falls into relatively broad antenna resonance. The spatial
profile presented at 0.4 THz (Figure 4b) is less expressed. It was intentionally done aiming to highlight
the convenience and universal operation of the device by detuning the emission frequency to the
red side of the spectrum of the antenna resonance as can be evident from panel (c). Despite this fact,
the spatial profile can still be precisely controlled although the power absorbed by the microbolometer is
significantly reduced. This advantage can further be exploited in determining and monitoring spectral
properties of frequency domain spectrometer. It can be illuminated, for instance, via determination of
full-width half-maximum (FWHM) dependency on the wavelength of the emission. The results are
depicted in Figure 4d. As one can see, the FWHM increases with the wavelength, and the dependence
can be approximated by a linear law represented by a dark yellow line (Figure 4d). Thus, Ti-mB
microbolometers and their linear array (Figure 4e) can manifest themselves as powerful instruments in
fine alignment and control in spectrometers employing weak power CW THz sources.

3.3. Mode Control in Time-Domain Spectrometer

In the context of the obtained results in THz frequency-domain, it is reasonable to turn the
research into time-domain spectrometry and check a suitability of Ti-mB for this kind of THz systems.
In contrast to frequency domain, inherent feature of time-domain spectroscopic systems is their
broadband radiation; on the other hand, power of the radiation is in the same range as in THz FDS,
i.e., of a few microwatts. Furthermore, THz TDS systems require precise alignment to measure spectra
correctly or record images of acceptable quality. In both cases the polarisation of the incident light was
parallel to the bolometer axis.

132



Appl. Sci. 2020, 10, 3400 6 of 12

To reveal picture of operation, two types of microbolometers were designed for the experiments:
the first one was coupled with resonant antennas for 0.3 THz and the second for 0.7 THz frequency.
The choice of the resonant frequencies was motivated by features of the emission—the 0.3 THz line
is close to the maximal value in the red side of the spectrum, while 0.7 THz at the blue one, as it
can be seen in the measured THz emission spectrum results presented together with experiment
schematics in Figure 5a. Sharp lines gracing with the emission spectrum are due to the water
vapour absorption in the air. Spatial mode profiles recorded in parallel polarization in respect to
microbolometer axis using different coupling antennas are displayed in Figure 5b,c. As it can be
seen, the mode profiles can be precisely recorded using both types of antennas. The microbolometer
coupled to 0.3 THz resonant antenna removes high-frequency components of the radiation; however, its
spatial profile, due to strong low-frequency constituents, reproduces the shape of the mode quite well.
The distribution registered at other resonant frequency, around 0.7 THz, shows quite similar picture;
however, the spatial mode distribution is narrower in comparison with that at 0.3 THz frequency.
One can presume that these data also reproduce correctly the spatial mode distribution despite of the
absence of relatively strong low-frequency components recorded. The data obtained allow to infer that
the antenna-coupled bolometers can be used for mode profiles control in various optoelectronic THz
time-domain spectrometers excited by femtosecond laser pulses [27].

Signal (mV) Signal (mV)
10, 26
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Figure 5. Spectrum of THz pulsed emitter (antenna switch) plotted in semi log scale (a).
The measurement geometry is shown in the inset, where fs denotes to optical femtosecond pulse
exciting THz emission from LTG GaAs optoelectronic switch, D labels Ti-mB detector. Note sharp lines
caused by water vapour absorption in the air decorating the THz emission spectrum. Beam profiles
of THz pulsed emitter obtained with antenna-coupled Ti-mB optimized for resonant frequencies of
0.3 THz (b) and 0.7 THz (c). White lines indicate intensity cross sections along the relevant axes.

3.4. Mode Control in Optically-Pumped Molecular Laser

Since the bolometers exhibit very high sensitivity, it would be of a particular interest to explore
their properties far above the coupling antennas resonances. If a mode control could be possible
under these unusual conditions, it could extend the device application areas into THz systems
with a wider frequency band of operating and hence making the microbolometers more universal.
In these experiments, we have chosen THz OPML as a source of radiation delivering discrete
spectrum of 0.76 THz, 1.63 THz and 2.52 THz at various power levels. Special attention was given to
polarization-related control; it deserves to be mentioned that the spatial mode profile was intentionally
disturbed by varying power of the optical pumping and adjusting grating of the pumping laser [28].

The experimental results of bolometers investigation are presented in Figure 6 together with
reference data recorded by the commercially available pyroelectric detector. Emission powers at
0.76 THz, 1.63 THz and 2.52 THz frequencies were 1.6 mW, 1.6 mW and 7 mW, respectively, i.e., they
were kept in a low level in comparison to conventional powers used in this type of lasers. As it can be
seen, reference data presented in Figure 6a can be understood as the averaged signal since the detector
used is insensitive to the polarization. The polarization-resolved mode structures—both for parallel
and perpendicular polarizations—are displayed in panels (b, ¢) and allow to analyse in details spatial
profiles of the unfocused modes. As the diameter of the laser beam profile amounts to 11 mm, its
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spatial deviations can be also nicely distinguished. The estimated polarization extinction ratio was
found to be of 2.2 dB, 11.3 dB and 8.9 dB at 0.76 THz, 1.63 THz, 2.52 THz, respectively, suggesting
additional application option of the Ti-mB for polarization-sensitive mode profile far above the antenna
resonances. Relatively low PER value obtained at 0.76 THz can be explained by two constituents of the
mode distinctly observed in Figure 6¢c.
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Figure 6. THz beam profiles of different polarizations obtained using optically-pumped molecular
THz laser operating in a continuous wave mode at frequencies: 0.76 THz, 1.33 THz and 2.52 THz.
Reference measurements using pyroelectric detector (a); results using microbolometer when the dipole
antenna is in parallel to the electric field of the incident light (b); results using microbolometer when
the dipole antenna is perpendicular to the electric field of the incident light (c). White lines indicate
intensity cross sections along the relevant axes.

3.5. Imaging with Spatial Filtering Methods

To illustrate the sensitive operation of the developed Ti-mBs and their versatile operation using
weak power sources we have proceeded in an opposite way that is usually applied in a conventional
THz imaging. Here, as a rule, THz images come from scanning the object with the focused beam and
registering the focused radiation on the detector making thus induced signal much larger—we have
oriented our research for future applications when images without raster scanning, e.g., employing
detectors arrays will be required. In such cases, the apertures of imaging optical elements become
of a particular importance as the THz wavelength is large in comparison with diameters of optical
elements and propagation distances. Therefore, a novel optical solutions [15] are needed allowing
to design and manufacture compact optical elements with large aperture sizes and reasonable focal
lengths. A special role can be attributed to the case of low absorbing or transparent samples, when the
object observation and registration of its internal structure grow into a tremendous challenge [29].
It is related to the fact that power detectors record intensity of the radiation which suffers almost no
observable change in the given circumstances, and the shift of the phase of incident radiation becomes
a single quantity to be recorded.

In what follows, we employ both single pixel and arrays of the sensitive Ti-mB to record THz
images of low absorbing objects under unfocused THz illumination. Both techniques—direct imaging
and spatial filtering methods—are used to create a THz image of object inducing phase changes
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(uniform amplitude) and that can be registered by intensity sensitive Ti-mB. Conventionally, such filter
must be inserted in the Fourier plane in the used imaging system and it will affect only some spatial
frequencies of the Fourier spectrum of the object. One can distinguish different methods like bright
and dark field [30], Schlieren [31] or phase contrast [32,33] depending on the filter type. They differ in
principles and type of the filter; however, all of them permit to create an intensity pattern corresponding
to phase changes in the object. The phase contrast method enables linear mapping between phase shift
introduced by the object and recorded intensity pattern. In a given study we preferred a phase contrast
and dark field methods to register not focused radiation with sensitive Ti-mB.

Results of the investigation together with experimental set-up are given in Figure 7. To elucidate
sensing features of the microbolometers, a sample consisting of various low absorbing objects—rubber,
paper towel, napkin, sponge, sponge with metal wire inside, plastic (from 1 to 4 layers), aperture
of 4 mm in diameter, dots made of silicone, acrylic and wax as well as metal as the reference—was
composed and prepared. Measurement set-up for this kind of research is depicted in Figure 7a. As one
can see, it is slightly different from that displayed in Figure 2 because of the filter inserted.

Signal (a.u)
1

THz
Source

Mirror 2

N

\ 48
Mirror 1

’g36
Sample X £
— 24

Lens 2 >

* Filter 1 Filter 2

Filter 0
Detector 0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84

PM1 X (mm)

Figure 7. Principal scheme of phase contrast imaging set up for 0.3 THz, where L1—HDPE lens
with f = 12 cm, M1, M2—gold plated flat mirrors, sample, L2—TPX lens with f = 6 mm, Filter—(1):
© = 2 mm circle shaped four paper sheets, (2)—@ =2 mm circle shaped aluminum foil, PM1—off
axis parabolic mirror with f =5 cm (a). Photo of the sample with plastic substrate film, it consists
of: (1)—metal, (2)—rubber, (3)—paper towel, (4)—napkin, (5)— sponge, (6)—sponge with metal wire
inside, (7)—plastic (from 1 to 4 layers), (8)—aperture (diameter: 4 mm), (9)—dots, made of silicone,
acrylic and wax (b). Direct raster scan image of the sample at 0.3 THz (c) . Phase contrast images
obtained using filter 1 (d) and filter 2 (e). THz image pixel size: 0.3 mm x 0.3 mm; images consist of
292 x 190 pixels.

Two types of filters were used in the experiments: the filter 1, consisting of 2 mm circle shaped
four paper sheets, was a phase filter introducing a phase retardation of 7t/2 only in the central part of
the Fourier spectrum and enabling thus to create an image using phase contrast method; second one,
filter 2, circle shaped aluminum foil of 2 mm diameter, was an amplitude filter, blocking low spatial
frequencies, which resulted in creating an intensity image of phase object having dark background
(which is related to removal of low spatial frequencies).

Sample photo and its direct image as well as two corresponding intensity images of phase objects
are shown in the corresponding panels (b—d) of Figure 7. It can be easily seen that even direct imaging
nicely resolves all the objects illustrating suitability of Ti-mB for imaging of low absorbing objects.
As for deeper insight, transparent objects like sponge (5 and 6) and paper tissue (4) are much better
visible in case of phase contrast method (filter 1), whilst dark field method (filter 2) gives much better
results for imaging of thin rubber glove (2), where we can clearly see edges of the rubber shape.
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Finally, it is worth to notice the operation speed of the device. Earlier it was determined that the
Ti-mB coupled with a 0.3 THz frequency dipole antenna exhibited the response time of 1 us range
and maintained a sensitivity of 300 V/W and NEP as low as 14 pW/ VHz [26]. If compared with
other similar devices based on thermoelectricity-related phenomena, for instance, with uncooled
antenna-coupled terahertz detectors based on BiSb/Sb thermocouples with 22 ps response time and
NEP of 170 pW/+/Hz [34] and bow-tie diodes operating on hot-electrons effects with sensitivity of
5 V/W, NEP of 5.8 nW/+/Hz and response time less than 7 ns [35], the described titanium-based
microbolometers with readout electronics exhibit high sensitivity exceeding 200 kV /W and relatively
short response time (5 microseconds including electronics circuit). Therefore, these parameters together
with electronics that can work up to 200 ksps (kilo samples per second) simultaneous sampling
speed, makes the Ti-mB promising for real-time fine optical adjustment and mode profile control
aims in THz spectroscopic and imaging systems as well as imaging applications and inspection of
low-absorbing objects.

4. Materials and Methods

Each microbolometer was fabricated from titanium, which was chosen among several appropriate
materials, as its micromachining properties were found to be most suitable for silicon processing
technology, temperature coefficient and reliability. The sensor was processed on the silicon nitride
(SiN) membrane of 2 um thickness; subsequently, the titanium thermistor film is electro-deposited
onto the membrane, along with the aluminum antenna and metal interconnections. The thermistor is
suspended in the air by etching out the underlying membrane. The microbolometer was connected
either to double-dipole or to log-periodic type THz antenna [23]. Both single pixel bolometers and their
linear arrays consisting of 32 pixels were used in the experiments, where pixel size was 2.5 x 2.5 mm?,
pixel pitch was 2.5 mm. Just one pixel of the linear array was active during all experiments. Sensitivity
and NEP of the arrays of sensors exceeds 200 kV/W and less then 20 pW/+/Hz, respectively. Linear
arrays of titanium microbolometers were produced by Luvitera, Ltd, Vilnius, Lithuania.

Electronic multiplier sources (Virginia Diodes, Inc., Charlottesville, Virginia, United States of
America) were used to generate radiation of 0.15 THz, 0.3 THz and 0.6 THz frequencies in continuous
wave mode with power of 29 mW, 13.2 mW and 0.56 mW, respectively.

Commercially available frequency-domain terahertz spectrometer (Toptica Terascan 780) based
on GaAs photo-mixer coupled with silicon lens was engaged in the experiments. Its operation range is
within 0.1-2 THz, it delivers radiation of circular polarization of about 1 uW power.

For the experiment a broadband photoconductive low-temperature grown gallium arsenide
(LTG-GaAs) antenna coupled with silicon lens from time-domain spectrometer (Teravil, Ltd., Vilnius,
Lithuania) was also used. The microbolometer was connected to the lock-in amplifier to modulate
signal optically chopped at frequency of 500 kHz. The emitter was pumped with femtosecond
Ti-Sapphire optical laser of 100 fs pulse duration and generating broadband THz pulses in frequency
range of 0.1-2.5 THz with average emission power of 1.2 uW. The THz beam was investigated
by scanning it in the xy plane perpendicular to the direction of propagation with detector being
fixed to xy motorized positioning stage. No additional focusing optical components are used in
radiation measurements. In beam imaging recording, position synchronized raster scan technique
was implemented similar to that described in Ref. [9]. Scanning parameters were selected to enable
sufficient SNR with resolution up to 0.1 x 0.25 mm? which is comparable with the wavelength of
upper frequency limit of emitted radiation (or the size of the microbolometer).

Optically pumped continuous-wave molecular THz laser FIRL-100 (Edinburg Instruments,
Ltd., Livingston, United Kingdom) was used to generate discrete spectrum at 0.76 THz, 1.63 THz
and 2.52 THz frequencies with corresponding powers of 1.6 mW, 1.6 mW and 7 mW, respectively.
The emitted unfocused radiation was of 11 mm in diameter; the power was artificially reduced varying
the power of optical pumping from 20 W down to 9.8 W range.
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The absolute power was measured using a calibrated power meter (Thomas Keating Absolute
Power Meter System, Version 2, Thomas Keating Ltd., Billingshurst, West Sussex, UK).

Commercially available pyroelectric sensor SPH62 THz with 2 mm? active area from Spectrum
Detector Inc. was used in the experiments.

All experiments were conducted in the ambient air conditions.

5. Conclusions

Versatile operation of universal, convenient and easy-to-use antenna coupled sensitive
titanium-based microbolometers dedicated to the precise alignment and the control of spatial mode
profiles without additional focusing optical components of weak power THz sources are demonstrated.
Spatial mode profile control and polarization-resolved mode structures are recorded for different
type THz emitters—electronic multiplier sources, optical THz mixers-based frequency domain and
femtosecond optoelectronic THz time-domain spectrometers as well as optically pumped molecular THz
laser—operating either in continuous wave or pulsed modes. Features of the microbolometers coupled
with resonant antennas within 0.15-0.6 THz range are exposed and discussed, and their ability to detect
spatial mode profiles far above the antennas resonances, up to 2.54 THz, are explored as well. It is found
that a broadband antenna (below 1 THz) coupled microbolometer reproduces well the spatial mode
profile of time-domain spectrometer. Polarization-sensitive mode control possibilities are examined in
details; suitability of the resonant antenna-coupled bolometers to resolve low-absorbing objects at 0.3 THz
is revealed via direct, dark field and phase contrast imaging techniques. The microbolometer, for instance,
coupled with a 0.3 THz frequency dipole antenna exhibits the response time of 1 us range, sensitivity
of 300 V/W, and noise-equivalent power of 14 pW/+v/Hz. Microbolometers display corresponding
values of 200 kV/W and less then 20 pW/+/Hz, respectively, and the response time in the 5 s range.
These parameters make the devices promising for real-time fine adjustment of THz spectroscopic and
imaging systems as well as imaging applications and inspection of low-absorbing objects.
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Abbreviations

The following abbreviations are used in this manuscript:

THz Terahertz

THz ELS Terahertz electronic multiplier source
THz FDS Terahertz frequency domain spectrometer
THz TDS Terahertz time domain spectrometer

THz OPML  Optically pumped molecular THz laser
Ti-mB titanium-based microbolometer

CW continuous wave

SNR Signal-to-noise ratio

Ksps Kilo samples per second
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