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INTRODUCTION

Terahertz (THz) (1 THz=10'? Hz) radiation, also called submillimeter
radiation, refers to electromagnetic waves that are positioned between infrared
and microwaves in the electromagnetic spectrum. THz extends from 0.1 THz
to 10 THz (3mm to 30 wm), corresponding to energies from 0.4 meV to
40 meV [1] [2]. Microwaves, which occupy the lower end of the THz band,
employ electronic principles, however, further increase in device operational
frequency is limited by specific transient times. On the other end, THz
qguantum energy is very low (1 THz corresponds to 4.1 meV), therefore,
population inversion at room temperature is hard to achieve, thus, this
circumstance induces limitations for device design from the optical side of the
electromagnetic spectrum. Consequently, the THz range can be assumed as a
bridge between electronic and photonic devices [3], whose operation should
include different physical principles. Regarding applications, many materials,
such as paper, clothing, or plastic, that are opaque to visible and infrared light
are transparent to THz radiation. Due to this feature, THz radiation can offer
non-destructive imaging, which is used in security systems, for packaging
inspection, examination of paintings, etc [4]-[6]. Furthermore, its low energy
and nonionizing nature, unlike X-rays, make THz radiation safe for the
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Figure 1: Electromagnetic spectrum. THz radiation range is positioned
between the infrared and microwaves region. Applications of THz radiation
find their place in many areas, such as packaging inspection, security systems,
medicine, or art inspection.



human body and thus can be applied for medical aims [7], [8].

There are a few different types of THz systems that are usually divided
into two different approaches: the first one uses pulsed coherent sources (such
as THz time-domain spectroscopy (THz-TDS)) and the second one —
continuous wave sources (such as direct THz continuous-wave (THz-CW)
systems)[9].

THz-TDS is the most commonly used spectroscopic technique, where the
imaged sample is probed with short THz pulses. Pulsed THz radiation is
generated by femtosecond lasers when semiconducting materials exhibiting
short carrier lifetimes are illuminated [10]. This method provides information
about the amplitude and phase of the THz radiation that passed through (or
was reflected from) the sample. The obtained data can give a better
understanding of the sample’s structure, composition, or optical properties
[11], [12].

Arguably, the primary driving force behind the growing popularity of
THz radiation is the THz imaging systems. The THz-CW system is capable of
capturing real-time two-dimensional (2D) images of a sample. This method
uses a single frequency source and records only the amplitude of the
transmitted or reflected beam. Although, in homodyne or heterodyne
detection, the CW system can also provide phase information. Moreover,
THz-CW systems are known for their simplicity compared to the
aforementioned THz systems. Moreover, they are relatively low-cost and fast
in recording images. THz-CW imaging systems primarily comprise a
continuous wave source, optical components for focusing the THz beam onto
the sample, and a detector to record the transmitted or reflected signal [9]. CW
THz sources enclose a variety of options, including Gunn diodes [13],
guantum cascade lasers (QCLs) [14], optically pumped THz gas lasers [15],
and backward wave oscillators (BWOSs) [16]. There is a wide range of detector
options available for THz-CW systems, including pyroelectrics [17],
microbolometers [18], Golay cells [19], bow-tie diodes [20] and Schottky
diodes [21].

To broaden the scope of THz imaging systems and enhance their
applicability, design must achieve maximum compactness and convenience in
use. The focus of attention in achieving miniaturization for THz imaging
systems lies predominantly on active components, such as sources and
detectors, rather than passive components like lenses and mirrors, even though
these components are bulky and often necessitate precise optical alignment
[1]. Fortunately, the large optical components can be replaced by thin and
more compact diffractive elements. For instance, high-density polyethylene
(HDPE) lenses or bulky parabolic mirrors can be replaced by high-resistivity
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silicon-based diffractive optical elements, produced by using laser ablation
technology [22], [23]. Meanwhile, there are several flexible approaches that
can be employed for beam shaping purposes [24]. Metasurfaces [25], which
consist of precisely shaped arrays of sub-wavelength-sized resonators, provide
an ability of THz beamforming and manipulation of its characteristics through
control of amplitude, phase, and polarization.

Major goal

To develop and explore solutions for compact and flexible optics suitable
for THz imaging, enabling to replace conventional bulky optical components.

Tasks of this Work

1. To extend a collection of diffractive optical elements for THz imaging
systems by finding and adapting efficient new flexible materials and designs.

2. To develop a lensless THz imaging system utilizing only flat silicon-
based optical elements and explore their suitability for generation and
collection of the engineered light in THz imaging.

3. To implement THz digital holography technique enabling a better
quality of recorded images.

Scientific Novelty

1. For the first time, graphite-based thin and flexible film was used to
fabricate a terahertz zone plate, which resulted in transmittance spectra almost
identical to that of a metallic terahertz zone plate. The focusing performance
of graphite-based zone plate was evaluated, resulting in an 8-fold signal value
increase, demonstrating the suitability of graphite-based substrate for thin and
flexible terahertz zone plate fabrication.

2. Optical modulation of charge carrier concentration was applied for
multiple graphene layers transferred on a silicon substrate, resulting in
modulation depth values of 42 % and 45 % for single and double graphene
layers, respectively. A combination of optical modulation and terahertz
imaging technique was conducted for the first time — it exhibited a pronounced
change in contrast: 0.16 for single layer and 0.23 for double layer graphene
indicating that the simultaneous operation of both techniques can help to
distinguish between different graphene layers.

3. Graphene-based zone plate was fabricated and its focusing
performance was demonstrated by simultaneously applying the optical
modulation of charge carrier concentration.
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4. Metasurfaces with complementary split-ring resonators were
fabricated from 25 pum thin and flexible stainless steel. The focusing
performance under the mechanical deformation, i.e. bending, was shown,
resulting in the decrease of beam intensity only by 30 %. Furthermore, even
under mechanical deformation of the metasurface, the shape of the Gaussian
beam remains unaltered.

5. It was demonstrated that the metasurfaces composed of
complementary split-ring resonators in flexible stainless steel foil can be used
for polarization-resolved terahertz imaging.

6. It was shown that the combination of silicon-based Airy lens and zone
plate generates a nondiffracting nonparaxial Airy beam with a parabolic
trajectory and can significantly improve the signal-to-noise ratio from 570 to
1180, moreover, resulting in twice better spatial resolution (1.6)), when
compared to the performance of a single Airy lens, that produces the
expanding Airy beam with the reciprocal trajectory.

7. The capability to perform terahertz imaging in the presence of an
opaque beam block was demonstrated. It was shown that even when the 60 %
area of the illuminating Airy lens was covered, the obtained image was still
clear, exhibiting a rational contrast of about 30 (a.u.) and a spatial resolution
of 3.21. Meanwhile, when the combination of Airy lens and zone plate was
employed, the spatial resolution was significantly better — reaching 1.6A.

8. It was shown that the structured nonparaxial Airy beam provides a
possibility for evaluation of optical properties of graphene layers when the
combination of Airy lens and a zone plate exhibits a three times higher signal-
to-noise ratio of 300 compared to the Gaussian illumination.

9. It was demonstrated that the 2-step and 4-step phase-shifting methods
can improve the quality of holographic images by eliminating undesired
background noise levels and provide more accurate phase mapping.

10. Coloured terahertz digital holography was demonstrated at four
different - 1.39 THz, 2.52 THz, 3.11 THz, and 4.25 THz — frequencies for the
first time, extending thus boundaries of thin materials inspection using THz
light illumination.

Statements for Defence

1. Optical modulation of charge carrier concentration in graphene on
silicon structures simultaneously applied with terahertz imaging increases the
contrast by an order of magnitude, thereby indicating the technique as a
convenient contactless tool for the characterization of graphene deposited on
high-resistivity silicon substrates.
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2. Metasurface composed from complementary split-ring resonators in
flexible stainless steel foil is suitable for polarization-resolved terahertz
imaging and focusing even under mechanical bending.

3. The nonparaxial structured light in the shape of THz Airy beam can
be generated using silicon-only based diffractive optics and its accelerating
nature can be applied for imaging of partially obscured objects.

4. The structured THz light illumination outperforms conventional
Gaussian one in terms of resolution and contrast in THz imaging of thin
graphene layers.

5. Digital terahertz holography with two- and four-step phase-shifting
techniques enable a better quality of the recorded images and their
reconstructions than a single terahertz hologram due to unwanted background
subtraction.

Author Contribution

In [P1] publication author participated in preparing the investigated
diffractive elements and experimental setup. Conducted terahertz imaging
experiments and analyzed the obtained data. Participated in the preparation of
this paper and was responsible for the representation of results (graphs and
figures).
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The advancement of THz imaging systems is propelling the progress of
both THz emitters and detectors, nonetheless, it also drives the search for
novel approaches to enhance the efficiency and compactness of passive optical
components. In the process of miniaturizing THz imaging systems, optical
elements must be also compact without losing their properties and ability to
manipulate a THz beam. Furthermore, it is desirable that these components
could be easily integrated and aligned. Diffractive optical elements (DOE)
offer a potential solution by utilizing the principle of light diffraction to create
thin and planar components that can serve as a substitute for bulky
conventional optical lenses, parabolic mirrors, or polyethylene lenses.

However, relying solely on DOE may not be enough to achieve the
desired compactness, reliability, and flexibility of optical elements. In this
case, the DOE design can be enriched by the use of metamaterials, which
make it possible to transform thick optical lenses into thin and flat components
with a diverse range of beam shaping options. The combination of both DOE
and metamaterials provide the efficiency of such optical components to a
higher level. Moreover, to develop compact THz imaging systems, using on-
chip solutions, it is also necessary to find alternative materials suitable for
such optical elements. An optimal solution would be the employment of
carbon-based materials, such as graphite or graphene, that are distinguished
by remarkable properties. Consequently, this part focuses on the application
of carbon-based optical elements in THz imaging systems.
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1.1. Diffractive Optical Elements: Fresnel Zone Plates

One of the most commonly used DOE in THz imaging systems is the
Fresnel zone plate (FZP) [26]. Unlike conventional lenses, instead of
refraction, zone plate uses diffraction. Moreover, zone plates are superior to
conventional lenses in terms of design because they offer a wider range of
material options and the flexibility to vary their constructions [22], [27], [28].

A Fresnel zone plate is composed of a series of concentric rings (half-
wave zones) with radial symmetry, where each ring alternates between being
opaque and transparent. Binary Fresnel zone plates can be divided into two
types: negative FZPs when odd zones are opaque and positive FZPs when
even zones are opaque (see Figure 2 (a)). As the axially incident spherical
wave approaches the FZP it diffracts around the opaque zones into multiple
spherical waves that converge at a focal point [29], [30]. This effect is
illustrated in Figure 2 (b). More precisely, the focusing occurs at multiple
focal points located at distances:

E
n

z= 1)

where F is the distance from the FZP to the main focal point and n is an
odd number (1, 3, 5...). The feature of multiple foci is observed in binary zone
plates. In this case, only two values of zone variation are possible, i. e., a value
of “0” for a completely opaque zone and a value of “1” for a completely
transparent zone. Meanwhile, the occurrence of multiple foci can be avoided
by using a sinusoidal (or continuous) phase zone plate, in which zones are
characterized by gradually varying transmittance [31].

In the case where the incident light has plane wavefronts, such as a
collimated Gaussian beam, designing a binary zone plate can be based on the
formula:

m2A2

T = |MAF + " (2

where rr, is the radius of the m-th zone, m is the number of zone, 4 is the
wavelength and F is the focal length.

292
If the FZP radius is small, compared to the focal length, mAF >> %,

the second part of the equation can be neglected, therefore the following
approximation is typically considered valid:
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T = VMAF 3

In this case, all zones possess identical areas, therefore, as the diameter
of successive zones increases, their width decreases, hence from the center
outwards zones become narrower [31].

a) BinAary Sinusoidal

( \
Positive Negative Negative

FN1

Figure 2: Structure and principle of Fresnel zone plates. Positive and negative
binary zone plates are depicted on the left side and sinusoidal negative zone
plate on the right side (a). Insets at the bottom of each zone plate depict their
profiles. Beam focusing using FZP (b). Inset at the bottom depicts the intensity
distribution along the optical axis, showing multiple focal points, located at
z=F/1, F/3, and F/5.
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As far as it concerns the resolution, it is expressed by the resolving angle
@, meaning that the smaller the angle, the higher the resolution is:

w=x§ (4)

where d is the diameter of the aperture and y is the constant for open
apertures. Typically, it is assumed to be y=1.22, however, for binary zone
plates, this constant depends on the number of zones [31].

The aforementioned value is valid only when the number of zones
exceeds 200. For positive FZPs with a smaller number of zones, this constant
will exceed 1.22 value, meanwhile, for negative FZPs with a smaller number
of zones it will be less than 1.22. Using the same parameters, the negative FZP
has a smaller resolving angle, therefore a higher resolution [31].

1.2. Metamaterials in THz Optics: Band-pass Filters

To enhance the optical components of THz imaging systems, and
improve their performance, new artificial metamaterials, capable to
manipulate THz beam in extraordinary ways, can be employed. Their structure
is composed of various shapes elements arranged in periodic pattern. By
resonantly coupling with magnetic or electric components of incident
electromagnetic wave, metamaterials can develop unique properties, such as
sub-wavelength focusing, anomalous refraction or reflection, perfect
absorption, etc, that can not be found in natural materials. For this reason, the
prefix ,,meta“ entails ,,beyond* materials [32], [33]. Metamaterials can be
applied to diverse types of THz devices, such as metamaterial absorbers,
optical modulators, THz band-pass filters, or frequency resonators.

In spectroscopic (multispectral) imaging narrow THz spectrum is usually
required for sample imaging and characterization. Band-pass metamaterials or
band-pass filters are an ideal choice in this case, as they can filter a particular
range of frequencies and improve the detected signal by eliminating
undesirable frequency components [34]. Moreover, aforesaid filters display
exceptional transmission performance, with a high peak transmission (higher
than 80 %) at the central frequency. The transmittance frequency depends on
illumination absorbed by electrons in the metal and the re-emission of
radiation at certain wavelengths. Therewith the transmission properties
comprise not only the intensity of the transmitted signal and the position of
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resonant frequency but also the full width at half maximum (FWHM)
bandwidth [35].

Conventional band-pass filters are considered as metal meshes that are
fabricated from a thin metal film containing a matrix of apertures of any
geometry from simple circular or square holes to complex patterns [36]. Such
metal mesh filters can serve as low-pass, high-pass, or band-pass filters [37].

a)

b)

Figure 3: Band-pass filters of different geometries (a). Cross-shaped band-
pass filter and its characteristic geometrical parameters (b).

The resonant frequency is specified by the design of the apertures. For
long wavelengths, i.e. THz radiation, an analytical method can be used to find
the resonant wavelength (/) of a standard hole array aperture [38]:

P P
Ar =Wnsp =foa (5)

where P is the periodicity of metamaterial elements, ns, is the refractive
index of the surface propagating wave, &q is the dielectric constant of the
interfacial dielectric media, and i and j are indices corresponding to the
resonance order.

In the work of Cao and Nahata (2004) circular, square, and rectangular
aperture arrays, perforated in thin steel film, were compared. It was
demonstrated that the THz transmission is affected by the geometry of the
aperture as it influences the waveforms. The absolute amplitude transmission
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coefficient of 0.8 was obtained using square shape apertures that exhibited the
best results [38].

Another common type of band-pass filters are cross-shaped apertures
that were proposed by Nolte et al. [39] and Moller et al. [40]. The symmetrical
shape of the cross ensures that the filter is independent of polarization. Their
frequency profile can be modified by altering their geometrical parameters,
such as cross length, width, and periodicity, as shown in Figure 3. The
resonant frequency (f) of this filter can be determined by the empirical
formula [41], [42]:

C
fr= 1.84—1.35B+0.2P (6)

where c is the speed of light, A is the length and B is the width of the
cross-shaped aperture, while P labels periodicity.

This implies that with the increase in aperture length (A), resonant
frequency decreases, meanwhile increasing width (B) results in increased
bandwidth, therefore slightly increased frequency. Furthermore, the
transmission performance is resolved not only by the geometrical parameters
of the aperture but also by the thickness of the metal film (h) or any other
material in which these apertures are engraved. With increasing thickness,
resonant frequency slightly decreases. Besides, it is highly significant to
achieve a precise perforation of apertures, because rounding of cross-shapes
increases the resonant frequency [37]. In this instance there are many possible
ways to fabricate band-pass metamaterials, for example, using micro- and
nanofabrication, mechanical perforation, laser micromachining, or 3D
printing [43], [44]. Moreover, commonly used laser direct writing (LDW) is
an excellent technique for manufacturing metallic filters with explicit
geometries [35].

1.3. Graphite-based Terahertz Zone Plates

Previously discussed metamaterials can be spatially arranged to form
specific patterns, such as concentric rings that resemble zone plate, thus
obtaining compact optical elements — metasurfaces - that not only have the
ability to focus THz radiation but also filter the required resonant frequency
or otherwise manipulate the radiation. Comparing conventional optical
components with metalenses, the latter are much thinner, more flexible, and
more compact. Additionally, their numerical aperture exhibits a wider
variation scope. Thanks to its ability to control the amplitude and phase at
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subwavelength scales, the metasurface can achieve a high-efficiency
diffraction-limited focusing [45]. Such novel multifunctional optical elements
can improve THz imaging systems by making them more compact and
effective.

In order to create a compact optical element suitable for THz imaging,
the cross-shaped filters discussed above can be integrated into a conventional
zone plate, making a THz zone plate (TZP) that is capable of focusing and
shaping THz beam for imaging at only certain frequencies. This type of TZPs
were proposed and investigated in several articles by L. Minkevicius et al.
[24][46].

In the TZP design, the open areas of the Fresnel zone plate have been
replaced by cross-shaped band-pass filters. These filters were ablated in
flexible 30 um thickness steel foil, using an LDW system. As a reference, a
regular zone plate from the same steel foil was produced. In the first work, it
was demonstrated that the incorporation of cross-shaped filters resulted in a
slightly smaller signal enhancement, although it increased the frequency
selectivity [24].

Fresnel zone plate THz zone plate

Figure 4: Design of conventional Fresnel zone plate on the left and a THz zone
plate with integrated cross-shaped band-pass filters (depicted in the enlarged
part) on the right.

In the second study [46], conventional zone plates with 5 and 15 zones and
TZP with 5 zones were compared. For regular zone plates, the bandwidth
decreases with an increasing number of zones, although focused beam signal
intensity remains about the same. This means that to achieve a smaller
bandwidth, a larger number of zones is required, nevertheless, the larger
number of zones reduces the compactness and efficiency of the TZP. Results
showed that in the case of TZP, the focused THz beam profile was smoother
and the bandwidth was proportional to the beam, focused with conventional
ZP with 15 zones and almost twice as smaller than in the case of ZP with 5
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zones. Thus, the integration of band-pass filters makes zone plates more
efficient [46].

In this work, the potential of thin and flexible TZPs was extended by
exploring the possibilities of using carbon-based materials. For this
purpose, our group conducted a study [P1] where graphite-based ZPs with
integrated cross-shaped filters were produced and investigated. When trying
to find a replacement for metal, it is required that an alternative material would
also be electrically conductive and at the same time thin, flexible, and reliable.
An excellent solution would be a carbon-based substrate such as graphite —
the most stable form of carbon. As required, it exhibits a high electrical
conductivity, it is ecofriendly and inexpensive. Moreover, the graphite film
that was used for the fabrication of TZP in [P1] was produced of only a 10 um
thick graphite layer deposited on 75 um thick plastic polyester film, making it
thin and flexible. The graphite foil was acquired from industrial manufacturer.

The spectral properties of TZP were studied by employing the THz-TDS
system. Meanwhile, the focusing performance was investigated using the
THz-CW system at 0.6 THz frequency. Metallic TZP that was used in
previous [24][46] studies served here as a reference for the graphite-based
TZP. Transmittance spectra, depicted in Figure 5 (c), showed that metallic and
graphite TZPs resulted in very similar spectral shapes. The maximum
transmittance value of graphite TZP was only 18 % smaller than the metallic
one.
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Figure 5: Pictures of metallic (a) and graphite (b) TZPs. Insets depict cross-
shaped bandpass filters. Transmittance spectra of metallic and graphite TZPs
(c). Two-dimensional THz beam profiles of the unfocused beam (d) and
focused with metallic TZP (e) and graphite TZP (f). Solid black lines represent
beam cross-sections at the maximum intensity. Adapted from [P1].

Two-dimensional THz beam profiles of the unfocused beam are given in
Figure 5 (d), the beam focused with metallic TZP is shown in Figure 5 (e) and
with graphite TZP is displayed in Figure 5 (f). Measurements were performed
using 0.6 THz frequency radiation. Solid black lines represent beam cross-
sections at the maximum intensity. By comparing with the unfocused beam,
graphite TZP demonstrated focusing by increasing signal value by 8 times.

Moreover, this study examined not only graphite foil-based TZP but also
investigated a flexible TZP made of a thin graphite layer deposited by an HB
graphite pencil on a 100 pm paper sheet. A broader overview of obtained
results is provided in [P1].

These findings showed that graphite-based TZPs could serve as an
inexpensive, flexible, and compact alternative to metal-based elements in THz
imaging systems.

24



1.4.Graphene in Terahertz Optics

As compact THz imaging systems are rapidly improving [1], it causes a
growing demand for novel alternative materials that not only possess the
properties suitable for THz optics but also are as thin as possible. The vast
majority of optical components employed in THz systems are static and lack
a variability of their characteristics [47]. The ability for optical elements to be
dynamically tuned in real-time would be a significant benefit in modern
imaging systems, enabling diverse modifications of the THz beam to be
achieved using the same components. A perfect solution for this requirement
could be graphene, which today is one of the most popular and highly
promising materials. Whereas the primary reason that has gained graphene
popularity and recognition is its outstanding features. First of all, it is the
thinnest known material with a thickness of only 0.3 nm, however, graphene
is also the strongest material ever measured. Furthermore, it displays excellent
electrical conductivity, conducts heat better than all other materials, and is
transparent, although so dense that it is impermeable to gases [48]. Moreover,
due to its unique energy band structure, graphene can be modulated, thus
enabling the conception of dynamically tunable optical elements. These
amazing properties and their multifunctionality make graphene suitable for a
wide spectrum of applications, including THz imaging.

Graphene is a single layer of carbon atoms, arranged in a two-
dimensional hexagonal lattice. Essentially, it serves as a fundamental building
block for other carbon-based materials as it is shown in Figure 6. For example,
the wrapped graphene would make a 0D fullerene, rolled graphene can be
transformed into a 1D nanotube and a number of 2D graphene layers stacked
on each other gives a 3D graphite that was discussed in Chapter 1.3., and as
was demonstrated in [P1], can serve as an excellent flexible material for THz
optics. Although for graphene to become a 3D material (graphite), it is
commonly understood that at least 10 layers of graphene are necessary [49].
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Figure 6: Carbon allotropes: 3D graphite, 2D graphene, 1D nanotube, and 0D
fullerene.

The isolation of a single graphene layer was initially accomplished by
A. Geim and K. Novoselov [50]. In recognition of their groundbreaking study,
both scientists were later awarded the Nobel Prize in Physics.

1.4.1. Graphene Sample Preparation

There are several techniques for graphene production, such as:

¢ Simple mechanical exfoliation, which involves peeling off graphene
layers from graphite using adhesive tape.

o Epitaxial growth when due to heating in a vacuum, the graphene
grows on a single-crystal substrate.

e Liquid-phase exfoliation, which involves dispersing graphite powder
in a solvent and using mechanical disturbance to separate the graphite into
individual graphene layers.

e Chemical or thermal treatments that can remove the oxygen-
containing groups from the graphene oxide also produce the graphene.

e Chemical vapor deposition (CVD) is the most commonly used
method for producing graphene. This process involves depositing carbon
atoms onto a metal catalyst surface, generally copper, at high temperatures.
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Carbon atoms rearrange in the typical hexagonal lattice and form graphene.
This method allows producing large-area graphene sheets.

All samples, investigated in [P2] and [P4] articles were fabricated by
transferring the sheets of CVD graphene on the Si substrates. In all cases, the
commercially available CVD graphene (from “Graphenea”) grown on a
copper substrate and covered with ~60 nm thick PMMA polymer, was
utilized. The PMMA layer protects graphene and allows one to see its position
on the surface of water during the transferring process. To transfer graphene
on the Si substrate, a “classical” wet transferring technique was employed.
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y ¢

Copper
(4.—\ 7 3. x3
H,O
1 H,O

CHCl,

! Si
C;3HsO
}

C3HgO

Graphene

Figure 7: Principal scheme of wet graphene transferring technique.

The procedure of the wet graphene transferring technique is illustrated in
Figure 7. As the graphene is grown on copper film and covered with the
PMMA film, the initial step involves removing the metallic substrate. For
copper etching solution, containing 30H,0:2.5HCI:1H,0;, is prepared and left
to sit for 30 min. Then the graphene is placed copper-side down on the surface
of this solution and left for about 30 min. until the copper is completely etched.
Subsequently, graphene, with graphene side down and PMMA film on top is
transferred to the surface of distilled water and left to sit for 10 min. This step
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is repeated 3 times. After this, the substrate (in this case Si) on which the
graphene is to be placed is submerged in the water where the graphene is
floating. The substrate is tilted at a right angle and placed next to the edge of
the graphene. As the edge of the graphene makes contact with the substrate at
the water surface, it sticks to the Si. The substrate is then slowly and
perpendicularly pulled out of the water until the entire graphene sheet sticks
to it. Si with graphene and PMMA on top is placed vertically and left for the
water to run down. When the sample dries out, to improve the adhesion
between the graphene and Si, the sample is placed in a heating chamber at
room temperature. Then the sample is heated for 30 min. at a temperature of
130°C. After that, in order to remove the PMMA layer, the sample is placed
in chloroform and left overnight. For the final step, the sample is removed
from chloroform and washed with acetone and isopropanol. As a result, the
graphene is transferred on a Si substrate.

1.4.2. Graphene Sample Characterization using Raman Spectroscopy

Graphene is both extremely thin and completely transparent for visible
light, therefore, a visual inspection of graphene is not possible through the
conventional optics. Meanwhile, Raman spectroscopy is a widely used
method for the characterization and quality evaluation of graphene. It is a
highly sensitive vibrational technique that can detect geometric structure and
bonding within molecules [51]. A Raman spectrometer is composed of a
monochromatic laser that interacts with the molecular vibrational modes and
phonons of the investigated material, resulting in inelastic scattering that shifts
the laser energy either down (Stokes) or up (anti-Stokes). When graphene is
excited by a laser, it causes the Stokes phonon energy shift that generates three
characteristical peaks in the Raman spectrum (Figure 8). G peak at 1580 cm™
corresponds to in-plane vibrational mode. A 2D peak at 2690 cm™ is an
overtone of the D band that results from two phonon lattice vibrational
processes [52]. The D peak at 1350 cm™ is caused by a disordered structure of
graphene. The ratio of D and G peak intensities implies the degree of structural
order and quality of graphene. The smaller this ratio, the better the
quality [53].

Moreover, an increasing number of graphene layers, due to interactions
between them, causes changes in the Raman spectrum. First of all, the 2D peak
splits into several modes and therefore becomes wider. Generally, for a single
graphene layer, FWHM is ~30 cm™ and it increases with increasing number
of layers. Moreover, the G peak red-shifts, and its intensity increases linearly
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with the increasing number of graphene layers. Furthermore, it is considered
that for a single graphene layer, the ratio of 2D and G peak intensities is equal
to 2.
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Figure 8: Raman spectra of single and double graphene layers. The illustration
on the left side depicts the principle of Raman measurement, where laser
excitation in graphene causes Stokes energy shift, which results in main peaks
of D, 2D, and G in the Raman spectrum. The illustration on the bottom left
side represents the lattice vibrations that cause these peaks.

The graphene samples described in [P2] were also measured with a
Raman spectrometer. As one can see, the very weak intensity D peak indicates
the lack of defects and good quality of graphene. Moreover, the
aforementioned variations in the Raman spectra depending on the number of
graphene layers were confirmed experimentally. In this case, double-layered
graphene exhibits a wider 2D peak, compared to a single graphene layer. Its
FWHM increases by 12 cm? which indicates 2D peak splitting into
overlapping modes. Furthermore, the G peak intensity increased by 2 times
with an additional graphene layer. In this case, additional D+D* bands appear
at 2450 cm?, due to the emission of two phonons in the structure. These results
confirmed that Raman spectroscopy not only can allow to observe graphene
and evaluate its quality but also discriminate the number of graphene layers.

1.4.3. Optical Modulation of Graphene in Terahertz Imaging

As it was mentioned, the carbon atoms in graphene are arranged in a 2D
hexagonal lattice, which is considered to be comprised of two triangular
sublattices (marked in yellow and blue colours in Figure 9 (a)). The distance
between two neighbour carbon atoms is 1.42 A and each of these adjacent
atoms pairs form a ¢ bond, which determines the strength of graphene (Figure
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9 (b)). Moreover, each carbon atom forms a m bond, which is orientated
perpendicularly to the graphene plane and determines the electrical
conduction in graphene. When hybridized together they form a n and =*
bands. The unique electronic properties of graphene are primarily attributed
to these bands [54].

Graphene is distinguished from other materials by its unique electronic
band structure. Its 2D structure results in the first Brillouin zone as a hexagon
with six corner points, where two equivalent sets of points marked as K and
K* are called the Dirac points and indicate two sublattices (see Figure 9 (c))
[54]. This represents the relation between energy and momentum of the
graphene structure with six linearly dispersing Dirac cones. Figure 9 (d)
shows the enlarged part of cone-like energy bands. As one can see, its valence
and conduction bands meet at the Dirac point and therefore graphene is
considered a zero-gap semiconductor or a zero-overlap semimetal. The
maximum energy state that can be occupied by an electron at absolute zero
temperature is called a Fermi level. In the case of neutral graphene, its Fermi
level is at the Dirac point. Electrons with an energy of ~1 eV exhibit a linear
dispersion. The fact that charge carrier behaviour in this material mimics that
of relativistic particles moving at the speed of light, leads to one of the most
appealing features of graphene — simple charge carrier modulation [55].
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Figure 9: Hexagonal lattice of graphene, consisting of two triangular
sublattices (marked in yellow and blue) (a). The distance between nearest
neighbours is a=1.42 A and the distance between the nearest neighbours of the
same triangular sublattice is b=2.46 A. Binding between the carbon atoms in
graphene structure (b). Energy momentum spectrum of the graphene band
structure (c). Graphene energy band structure near Dirac point (d).
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Since graphene is almost completely transparent to THz radiation its
transmission must be reduced to utilize it effectively in diffractive optical
components. Fortunately, due to graphene's unique cone-like band structure,
its transmittance can be modulated by tuning the Fermi level by doping
graphene chemically, electrically, or optically. Depending on the doping type
(n or p), Fermi energy decreases or increases when charge carriers are
generated (see Figure 10 (b)) [56], [57].
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Figure 10: Principal scheme of the experiment with a photoexcitation (a).
Graphene energy band structure before (left) and after (right)
photoexcitation (b). Transmittance spectra of the investigated samples (c).
Dotted lines indicate transmittance without photoexcitation and solid lines —
with photoexcitation. Inset depicts the modulation depth spectrum. 2D THz
imaging under 0.3 THz frequency illumination: top row represents results
without photoexcitation and the bottom row — with photoexcitation (d). The
coloured scale is normalized to the maximum signal value. Adapted from [P2].

In this part of the research, the transmittance tuning of different
graphene layers was investigated to validate its potential for
implementation in THz imaging systems. In the study [P2] conducted by
our group, optical modulation was chosen due to its simplicity and contactless
nature. Two types of samples were fabricated with one and two graphene
layers transferred on a high resistivity 460 um Si substrate. Moreover, the
bare Si substrate served as a reference sample. The optical modulation was
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induced using a continuous wave laser with a wavelength of 666 nm. The
electromagnetic radiation with this precise wavelength can penetrate up to
8 um into the Si substrate, which absorption coefficient is ~2.5-10° cm™. This
relatively shallow penetration depth guarantees easy transfer of the carriers
generated in Si to the graphene layers. The optical charge carrier modulation
in graphene was investigated by measuring its transmission spectra two times:
with and without photoexcitation. The principal scheme of this experiment is
shown in Figure 10 (a). Transmission spectra were obtained using the THz
spectroscopy system, described in [P2]. Results are shown in Figure 10 (c).
As one can see, the transmittance varies due to Fabry-Perot interferration. The
modulation depth was evaluated using the equation:

M == 1009 )
w/o

where Twpo IS transmittance without laser illumination and Tw marks a
transmittance with laser illumination.

The sample without graphene exhibited the weakest modulation depth,
with a maximum value reaching only 14 % at 0.43 THz. As expected, samples
with graphene resulted in higher modulation depth: at 0.36 THz modulation
depth value reached 42 % for the sample with a single graphene layer and
45 % for the sample with two graphene layers. The reason why samples with
graphene exhibit higher optical modulation is the optical injection of carriers.
When light is absorbed in the Si layer, free carriers are generated and
transferred to the graphene layer to balance the carrier concentration between
the two layers. Since graphene has higher carrier mobility, it exhibits
increased electrical conductivity, resulting in reduced transmittance.
Furthermore, the addition of the second layer of graphene further increases the
mobility of transferred free carriers, leading to even greater conductivity and
a subsequent higher reduction of transmittance. Based on the findings, optical
modulation offers the potential for graphene to be utilized in the creation of
optical components that are well-suited for the THz frequency range.

Moreover, samples were investigated using the THz-CW imaging system
at the 0.3 THz frequency. Once again, measurements were repeated twice —
with and without photoexcitation. Results are depicted in Figure 10 (d). In this
case, a single layer of graphene reduces transmittance by 5 %, meanwhile, the
double layer of graphene reaches a 12 % reduction. These results enabled the
estimation of the contrast for all the samples, which was determined by:
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For samples with single and double graphene layers, the contrast value
was 0.16 and 0.23 accordingly. In the meantime, the contrast of the bare Si
sample was only 0.05.

Subsequently, in the [P2] study our group attempted to find out whether
it is possible to produce a graphene-based diffractive optical element capable
of focusing THz radiation. To do this, graphene was transferred on a silicon
substrate and patterned as a binary ZP so that only Si was left in the “open®
zones and the areas with graphene would correspond to the “opaque* zones.
The produced binary graphene-based zone plate (GZP) with a focal length of
10 mm was designed for 0.58 THz radiation and it is shown in Figure 11 (a).
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Figure 11: A photo of graphene-based ZP (a). Lighter coloured area indicates
silicon and a darker green area indicates graphene. 2D imaging of graphene-
based ZP without (top picture) and with (bottom picture) laser
illumination (b). The coloured scale is normalized to the maximum value of
the signal. Cross-sections of transmitted THz radiation through the graphene-
based ZP (c) when it was placed in four different positions, moving GZP
further away from the detector (D) with a 1 mm step. Green arrow indicating
the focal spot. Adapted from [P2].
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The focusing performance of such GZP was investigated using the THz-
CW system. 2D imaging of GZP without and with laser illumination is
depicted in Figure 11 (b). As one can see, photoexcitation significantly
reduced the transmittance of the GZP, increasing the contrast from 0.44 to
4.17, thereby enhancing the element's geometrical structure, i.e., its
constituent zones. This implies that optical modulation of GZP decreases the
transmittance of the graphene regions, leading to the diffraction of light and
consequently, GZP could function as a focusing element. It was examined by
scanning the GZP repeatedly, gradually moving it away from the detector with
the 1 mm step. The cross-sections of the transmitted signal in all positions are
shown in Figure 11 (c). By placing the GZP in the first three positions, the
transmittance profile is quite smooth and flat, with values of 0.15 mV,
0.09 mV, and 0.12 mV, respectively. Meanwhile, at the fourth position, the
transmittance profile exhibits an expressed narrow peak (marked with a green
arrow) which also displays the increase in signal of 0.19 mV, compared to the
first three positions.

To conclude, the observed changes, in contrast, indicate that together
with optical modulation of graphene charge carrier concentrations, THz
imaging systems could potentially be used as a contactless tool for the
characterization and discrimination of graphene layers on silicon substrates.
This technigue could be used as an alternative to Raman spectroscopy to
determine the location of graphene on a sample. Additionally, the ability to
alter the graphene transmittance provides a potential for a graphene-based
dynamically tunable optical element.

The obtained results of the discussed studies allowed to underline the
following findings:

e Graphite-based thin terahertz zone plate was produced and its
transmittance spectra exhibited an almost identical shape to the metallic
terahertz zone plate. Moreover, its focusing performance was evaluated and
compared to the unfocused beam, the graphite-based terahertz zone plate
demonstrated an increase in signal value by 8.

o Single and double graphene layers transferred on a silicon substrate
under laser illumination displayed optical modulation of charge carrier
concentrations, resulting in modulation depth values of 42 % and 45 %,
respectively.

e By applying the combination of terahertz imaging technique and
optical modulation of charge carrier concentration, single and double
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graphene layers transferred on silicon substrate exhibited a pronounced
change in contrast: 0.16 for single layer and 0.23 for double layer graphene.

e The graphene-based zone plate was produced and its focusing
performance was evaluated by employing the optical modulation of charge
carrier concentration.

Relying on the presented findings, one can formulate the following
statement for defence:

Optical modulation of charge carrier concentration in graphene on
silicon structures simultaneously applied with terahertz imaging
increases the contrast by an order of magnitude, thereby indicating the
technique as a convenient contactless tool for the characterization of
graphene deposited on high-resistivity silicon substrates.
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Flexible
metasurfaces

P

As it was discussed in PART 1, metamaterial incorporation into DOES
can offer an interesting choice for producing novel and tunable optical
elements. Nonetheless, to accomplish this objective, it is necessary to not only
select the rational design but also to choose materials that possess the
necessary properties for the manipulation of the THz beam. The adjustable
geometry of optical components can provide the possibility of altering the
focal length of the focused beam, while the tuning of this property can be
accomplished through mechanical deformation. Moreover, a proper design of
metamaterial geometry provides an opportunity not only to focus the THz
beam but also to control the polarization of the incident radiation as well as a
selection of the resonant frequency. The following section will discuss flexible
metasurfaces with integrated split-ring resonators.

2.1. Split-ring Resonators

Another type of metamaterial enriching the functionality of compact THz
optical elements are single split ring resonators (SRRsS) proposed by
Pendry et al. [58] SRR is a conductive ring with a small gap, illustrated in
Figure 12 (a). This type of metaatom is designed to be much smaller than the
wavelength of incident THz radiation.
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Figure 12: Structure of SRR element and its geometrical parameters: c is the
ring thickness, g denotes the gap size, r is the radius, @ is the cutout angle and
o is the position of the gap (a). SRR and CSRR arrays and their equivalent LC
circuits (b) and (c), accordingly.

As the electromagnetic wave interacts with the SRR element, an electric
current is induced and it begins to circulate through the ring. Charge
accumulates across the gap, forming an electric field. The circulating current
generates a magnetic field that has a maximum value at the opposite side of
the gap. Moreover, the magnetic field is in phase with the electric field of the
incident THz wave, thus causing a resonance effect [59].

To simplify the understanding of the SRR principle, it can be depicted as
an equivalent LC circuit, where the gap serves as a parallel plate capacitor
(with a capacitance Cgyap) and the metal ring acts as a selenoid with one turn or
an inductor (with an inductance Lying).

The resonant frequency can be calculated [60]:

1

fo= it (9)
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While inductance can be found as:

8Ry 1
Lring = UoRm (lOg e E) (10)

where the uo is a free space permeability, Ry is the outer radius (r+c/2),
c is the width of the ring and h is the thickness of the ring.
Meanwhile, the capacitance of the gap can be obtained by [61]:

h
Cgap = SOEC (1)

where ¢ is the metal permittivity and g is the width of the gap.

As one can see, the geometrical parameters of the SRR element play an
important role in defining the resonant frequency, which value increases with
increasing thickness of the ring and gap width and decreasing radius.

Furthermore, the inverse SRR element, by inverting the roles of the
object and background, gives the complementary split-ring resonator
(CSRR) [62]. This implies that the ring is non-conductive and is surrounded
by a conductive material. The CSRR operates based on the Babinet principle,
which states that the diffraction pattern produced by an opaque element (SRR)
is equal to the diffraction pattern produced by a transparent element with the
same shape and size (CSRR) [63].

In this case, the capacitor is formed in the open area of the ring, giving a
larger capacitance than the SRR [61]:

h(2nr-g)
c

Cring =& (12)

Meanwhile, the metallic gap operates as an inductor.

It is interesting to notice that CSRR produces two - low (o) and high (vn)
- frequency modes. When the incident THz wave is perpendicular to the CSRR
array and the electrical field component is perpendicular to the gap, the
symmetric axis of the current coincides with the gap. Currents flow in
mirrored directions at the lower and upper halves of the ring. Since currents
are circulating due to the LC resonance, it is influencing the o. mode.
Meanwhile, for the vu, the dipole oscillation takes over [59].

In the CSRR case, the width of the metal gap has an impact on the teeter-
totter effect in the transmission spectra. With increasing gap width, the
transmission at lower frequency mode increases, meanwhile the transmission
of higher frequency mode decreases. By selecting the right gap width, both
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modes can become equivalent, thus providing a dual band-pass filter that
could be well-suited for THz applications [59].

2.2. Metasurfaces with Split-ring Resonators

Split-ring resonators can be applied for the fabrication of novel
metalenses, which nowadays are successfully paving the way to THz
technology and especially - THz imaging. So far, such SRRs employment for
metasurfaces that are capable of manipulating THz light, e.g. by focusing the
beam or re-emitting the THz wave with different polarisation in comparison
with the incident wave, is relatively new. Nevertheless, some outstanding
articles demonstrate the diversity and potential of such metasurfaces for
applications in the THz range optics [64]-[68].

The main principle behind the use of SRRs in metasurfaces involves
arranging these elements in a specific manner and adjusting geometrical
parameters such as the cutout angle, radius, or the angular position of the gap
that was discussed in Chapter 2.1. In this way, SRRs with distinct geometrical
characteristics provide diverse phase changes at different positions, resulting
in the convergence of the transmitted beam at the focus.

There is a wide variety of lens designs and materials. For instance,
Hashemi et al. [68] proposed an SRRs silicon-based multifocal metalens. In
this case, not a usual two-dimensional, but one-dimensional layout was used,
where SRRs with divergent cutout angles and angular gap positions were
arranged in one row in a way that each adjacent SRR shifts the phase by /4.
In the work of Gan et al. [64] the employed all-metallic SRRs antennas
exhibited wavelength-multiplexed dynamic metalens with high modulation
depths that operated at different wavelengths. Despite most research was
based on metallic SRR, it is not always necessary. This was demonstrated by
Cheng et al. [67], that proposed an all-silicon-based achromatic metalens with
SRRs and CSRRs arrays. By combining the resonant and geometrical phases,
the team succeeded in creating an achromatic metalens that has the potential
to be used in THz bio-imaging systems.

In this part of the research, we developed compact, reliable, and
flexible metasurfaces containing CSRR elements, perforated into 25 pum
thin and flexible stainless steel foil well-suitable for compact and reliable
THz imaging aims [P3].

There were two types of CSRRs elements, distinguished by their cutout
angles, which were systematically arranged to operate as a Fresnel zone plate.
The initial aim was to find the most optimal geometric parameters of these
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elements, that would allow to achieve the most effective operation of such
metasurface. The performance of such metasurfaces was theoretically
simulated using the FDTD method (Figure 13 (a-c)) and experimentally
(Figure 13 (c)) at 0.1 THz frequency, by altering the CSRR radius (R), cutout
angles (61 and ) and the width of the opening (c). Simulations showed that
the best results can be obtained when the CSRRs cutout angles are 6,=40°
and #,=135°. Moreover, the best value of element radius is R=240 pm and the
most efficient width of the CSRR is c=75 um. Furthermore, metasurfaces with
parameters specified in Figure 13 (c) were studied experimentally and results
(marked as symbols) were in good agreement with the theoretical calculations.
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Figure 13: Dependence of CSRR metasurface focusing performance at
0.1 THz frequency on different geometrical parameters: cutout angles 6: and
6, (), CSRR radius R (b), and opening width ¢ (c). CSRR element scheme
and it’s geometrical parameters are depicted in the top right corner.
Simulations of the intensity distribution along the optical axis (a) and (b).
Insets denote intensities along the x-axis at the focal plane. Experimental
results (symbols) and simulations (lines) of intensities along the x-axis at the
focal plane (c). Inset depicts simulated transmission spectra at the focal point
and the orange dashed line marks the frequency that was used in the
experiment. The polarization of the incident component of the electric field is
vertical. Adapted from [P3].
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After determining the optimal geometrical parameters of the CSRR
elements, four metasurfaces with different focal lengths (F=10, 20, 30, and
40 mm) were fabricated and a detailed investigation of these elements is
represented in [P3]. As the metasurface with a focal length of 20 mm
demonstrated the most substantial intensity enhancement, it was selected for
further experiments.

The investigated CSRR-based metallic metasurface not only displayed
remarkable beam focusing but also demonstrated its performance under
mechanical deformation, i.e. bending. Experimentally obtained beam intensity
distribution along the optical axis is shown in Figure 14 (a), where the top half
represents the results of a flat metasurface, while the bottom half depicts a
beam focused with a mechanically deformed metasurface. The bending is
represented by the d/L ratio, where L is the diameter of the undeformed plate,
meanwhile, d is the distance between the opposite ends of the deformed
metasurface. Moreover, the inset on the right side illustrates the beam intensity
distribution at the focal plane. As one can see, the intensity of the beam, when
the metasurface is bent (d/L=0.72), decreases to ~30 % maximum signal value
with respect to the undeformed plate, although it maintains its focusing ability.
Furthermore, even when the metasurface is bent, the shape of the Gaussian
beam remains. Its robustness under mechanical deformation can improve the
development of THz imaging systems that involves compact and flexible
optical elements.

Furthermore, a study [P3] showed that investigated metasurfaces not only
can focus the THz beam, but also control the polarization. The polarization-
resolved THz imaging was performed using an opaque sample — the metallic
target with different widths (1.5, 2, and 3 mm) and period cutout bars. These
hollow bars were orientated horizontally and vertically. It is important to
notice that the incident electric field component was orientated vertically
(marked with a green arrow). The imaging experiment was conducted in
several ways. Figure 14 (b) shows the imaging results when the detector
recorded horizontal polarization and the metasurface was rotated by 45°. In
this particular geometry, the dominant radiation is perpendicularly-polarized,
resulting in horizontal bars being more distinctly resolved than vertical bars.
However, since the incident wavelength was 3 mm, the largest vertical bars of
3 mm are almost equally distinguishable as the horizontal ones. Moreover, it
was estimated that the investigated metasurface exhibited an excellent 0.5
spatial resolution.

As it is shown in Figure 14 (c), the metasurface was rotated by an
additional 45° into 0° position, while still the perpendicular radiation was
recorded. The metasurface that is orientated this way almost does not generate
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perpendicularly-polarized radiation, which is why the image of the target is
not visible. Figure 14 (d) demonstrates the recording of parallel-polarized
radiation when the sample is again rotated by 45°. In this case, the generated
parallel-polarized component is very weak, resulting in a blurry image of the
target. Subsequently, Figure 14 (e) shows the result of parallel-polarized
radiation recording while the metasurface was rotated into 0° position. In this
orientation, the metasurface generates parallel-polarized radiation, although
it‘s component is weaker than the perpendicularly-polarized component as in
Figure 14 (b) case. In this scenario, polarization-resolved imaging is obtained
once again, but with the vertical bars being more distinctly visible than the
horizontal bars.

a) Flat: d/L=1

e, | A AR
f Bent: d/L=0.72 w T

@ A 16 21

z (mm)

Normalized signal (a.u.) 0_ _1

45° Eout 0° Eou( 45° Eoul

36 48
X (mm) x (mm) X (mm) X (mm)

Figure 14: Focusing and imaging performance of metasurface. On the left side
of panel (a) — a photo of the metallic CSRRs metasurface, where the enlarged
part depicts CSRRs with different cutout angles. On the right side — beam
intensity distribution along the optical axis: top half — when the metasurface
is flat, bottom half — when the metasurface is bent. The insets on the right
depict intensity distributions in the focal plane. The bottom panels (b-e)
represents polarization-resolved imaging, obtained by recording different
polarizations and by rotating the metasurface by 0 or 45 degrees, which is also
indicated by blue and orange arrows. The inset on the right side illustrates the
angular intensity dependence, where the green dots represent the metasurface
angle during this experiment. The coloured scale is normalized to the
maximum value of the signal. Adapted from [P3].

42



To conclude, the implementation of CSRRs into the Fresnel zone plate
extends the capabilities of optical lenses beyond conventional beam focusing
by changing the polarisation of the incident radiation and dynamical tuning of
the focal point when it is under mechanical deformation. Moreover, by
choosing the appropriate materials, such as steel foil, the produced
metasurface can be thin and flexible. All these features could significantly
improve THz imaging systems.

The obtained results allowed to underline the following findings:

o The flexibility of metasurface with complementary split-ring
resonators, fabricated from 25 um thin and flexible stainless steel foil, allowed
it to demonstrate the focusing performance under mechanical deformation, i.e.
bending. The intensity of the beam, when the metasurface is bent (d/L=0.72),
decreases to ~30 % maximum signal value with respect to the undeformed
plate, although it maintains its focusing ability. Although the metasurface is
mechanically deformed, the shape of the Gaussian beam remains.

e The polarization-resolved terahertz imaging was performed and the
results confirmed that the metasurfaces with complementary split-ring
resonators not only can focus the terahertz beam, but also control its
polarization.

Relying on the presented findings, one can formulate the following
statement for defence:

Metasurface composed from complementary split-ring resonators in
flexible stainless steel foil is suitable for polarization-resolved terahertz
imaging and focusing even under mechanical bending.
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PART 3

Optical engineering
in THz imaging:
from Gaussian mode
to structured light

The flat diffractive optics were introduced in PART 1 via Fresnel zone
plates. It is worth noting that zone plates of different designs can not only
focus or filter the light but also via phase management provide a flexible
platform to design optical elements that can manipulate light in different ways,
such as forming bifocal focusing (Fibonacci zone plates), beam needle (Bessel
zone plate) or bending the beam (Airy zone plate), etc. Depending on the
imaged sample or the application requirements, each of these manipulations
can enhance the THz imaging capabilities by leading to better contrast,
resolution, and sharpness of the obtained images.

This part of the research represents a comprehensive study of DOEs,
such as Fresnel, Fibonacci, Bessel, and Airy zone plates, intended to
achieve novel entirely silicon-based lensless THz imaging setup
configurations. The reliability of this systematic study was ensured by
implementing consistent fabrication conditions as all investigated optical
elements were fabricated from high-resistance silicon substrate with a
thickness of 500 um, using the same femtosecond laser ablation technology
[69]. The fabricated DOEs are represented at the bottom of Figure 15.
Furthermore, a new approach to optical beam engineering was demonstrated
by introducing structured nonparaxial THz illumination in the form of an Airy
beam, which improved the quality of THz imaging due to its self-accelerating
and non-diffractive nature.

3.1. All Silicon-based Terahertz Imaging Setups

Before proceeding to the detailed analysis of beam engineering, the THz
imaging setup will be discussed first. In order to evaluate the performance of
produced DOEs, a THz-CW imaging setup was employed.
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Figure 15: THz imaging setup. S denotes the THz source with a frequency of
0.6 THz. L isa converging lens. A DOE represents a location that may contain
any of the diffractive optical elements shown below: zone plate (ZP),
Fibonacci zone plate (F), Bessel zone plate (B), or Airy zone plate (A). T is
the imaged opaque target, produced from thin metallic foil with cutout
different period bars which are more clearly represented in the enlarged
illustration of the target ar the bottom right. ZP stands for a collecting zone
plate. D is the detector.

The experimental setup consisted of a continuous wave electronic
multiplier chain-based emitter (Virginia Diodes, Inc.) (marked as S in Figure
15) that emitted 0.6 THz frequency radiation. After passing the collimating
high-density polyethylene (HDPE) lens (L), the beam goes through the
investigated DOE that produces structured light and illuminates the imaged
target (T). The target is an opaque metallic plate with cut-out different period
bars. During the experiment, the target is raster scanned in the transverse
direction. This type of imaged sample enables to determine the spatial
resolution of the obtained image and evaluate the performance of the
investigated DOE. Finally, after passing through the target, the beam is
collected by the second DOE - Fresnel zone plate (ZP) and subsequently
focused on the detector based on the antenna-coupled nanometric field effect
transistor (D).

The focusing performance was investigated using the same setup, only
without the target and the second DOE.

3.2.Fresnel Zone Plate

The main principle and fundamental concept of Fresnel zone plates were
explained in PART 1, Chapter 1.1. This is the most widely used DOE, which
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was also utilized in this systematic study by investigating FZP alone and in
combination with the other Si-based diffractive optical elements.

Initially, the focusing performance of such FZP was investigated using
the setup (its description is given in the previous chapter). The experimentally
obtained intensity distribution of the beam passing through the ZP was
measured along the optical axis (xz) and in the focal plane (xy), results are
represented in Figure 16. It has been evaluated that the full width at half
maximum (FWHM) of the beam at the focal point was 0.27 mm, i.e. almost
98 % narrower than the FWHM of the unfocused beam. In addition, a 65-fold
increase in signal intensity was observed, confirming that the Si-based ZP can
offer excellent focusing performance and serve as an alternative to bulky
conventional optical lenses.

Lateral position (mm)
0 2 4 6 8 10

Normalized
signal

rofile (um)

Figure 16: Silicon-based Fresnel zone plate for 0.6 THz frequency. A picture
of investigated zone plate and its lateral profile is depicted on the right side.
Two-dimensional signal intensity distribution along the optical axis (xz) and
the beam intensity distribution in the focal plane (xy). The coloured scale is
normalized to the maximum signal value.

These Si-based FZPs were employed in lensless THz imaging.
Experimental setup and imaging results are shown in Figure 17. The intensity
cross-sections (see Figure 17 (c)), obtained from this experimental
transmittance intensity distribution of the imaged target, allowed to determine
the spatial resolution. Since it is known that the wavelength of the beam is
0.5 mm and the individual slits of 0.6 mm period can be distinguished, the
evaluated spatial resolution is in the range of wavelength. In addition, an
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excellent signal-to-noise ratio (SNR) value of more than 3000 was recorded.
These results lead to the conclusion that silicon-based ZP can serve as a useful
focusing element in the THz imaging systems.
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Figure 17: Imaging performance of Fresnel zone plate. Experimental THz-
CW imaging setup (a). S marks the monochromatic source of 0.6 THz, L is a
conventional converging HDPE lens, ZP; and ZP; are identical silicon-based
Fresnel zone plates, T denotes the imaged target and D stands for the detector.
THz image of the target (b). The colour scale is normalized to the maximum
signal value. Signal intensity cross-sections of different period target slits (c).

3.3. Fibonacci Zone Plate

Normally conventional zone plates are composed of an equal proportion
of opaque and transparent rings. Whereas a Fibonacci zone plate is capable of
generating two focal points due to its unique arrangement of rings, which is
aperiodic. The advantage of a bifocal lens is that it could allow simultaneous
imaging of the contents of bulky objects in two different planes.

The initial step in constructing a Fibonacci plate involves determining its
sequence pattern. In the Fibonacci sequence, each number is the sum of the
two preceding numbers. Starting from seed values of Fo=0 and F1=1, the
Fibonacci sequence is defined as Fj+1=Fj+Fj1, (where j=1, 2...) leading to
F={0,1,1,2,3,5,8,13, 21, 34..}.

Meanwhile, the golden ratio, i.e. the ratio of the second and the first focal
distances, is determined as [70]:
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Fj _ 1+5

~ 1.618 (13)

Considering that the Fibonacci zone plate is binary, its sequence can be
obtained using two seed elements Sg=0 and S;=1 which are represented in
Figure 18, where “0” could correspond to transparent areas and “1” would
mark opaque areas. Starting from this, each sequence element can be found
using Sj+1={S;Sj1}. This gives the element sequence: S,=S:S¢=10,
S3=5,5:=101, S4=10110, etc. Here, “0’s” are never side by side and are always
separated by at least one “1” [71].

Since the Fibonacci zone plate consists of concentric rings, the
normalized radial coordinate can be obtained from (=(r/a)?, where r is the
radial coordinate, a is the external radius of the Fibonacci plate and
&i=((p+1)n]-1) is the position of the ™ “0” element [72)].
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Figure 18: Fibonacci sequence elements (“0” stands for the transparent area
and “1” is an opaque area) are depicted on the left side. The top left graph
depicts the radial profile of the Fibonacci zone plate. A photo of the silicon-
based Fibonacci zone plate is shown on the right side. The inset at the top right
side depicts the profile of this element.

As well as the elements discussed in the preceding part of this thesis, the
Fibonacci zone plate can also have a complimentary version, where opaque
and transparent areas are interchanged. They differ from each other in a way
that for conventional Fibonacci zone plates, transparent areas are of different
widths, whereas these areas are equal for the complimentary version. Both,
the conventional and complimentary Fibonacci zone plates were investigated
by R. Verma et al. [70], where it was concluded that the conventional element

48



is superior to its compliment and that transmitted intensities through these
elements were 61.8 % and 38.2 %, accordingly [70]-[73].

The systematic study was extended by producing a THz Si-based
Fibonacci zone plate and enhancing the lensless THz imaging system by
adding an option of two foci. Its focusing performance was evaluated once
again using the discussed setup and the obtained results are depicted in Figure
19. As one can see, the Fibonacci zone plate produced two focal points, where
the second one exhibited 25 % higher intensity than the first one. Furthermore,
as anticipated, the distance between both foci coincides with the golden ratio.

2nd

1st focal point

Normalized
focal point

Figure 19: Two-dimensional Fibonacci beam intensity distribution along the
optical axis and at the first and second focal planes. The coloured scale is
normalized to the maximum signal value.

Subsequently, the Si-based Fibonacci zone plate was combined with the
previously discussed FZP, thus enhancing the lensless THz imaging system.
The target was raster scanned at both focal points and the results are depicted
in Figure 20 (b). Due to the higher intensity of the second focal point, the
resulting image exhibits a better resolution, estimated at 1.6A. Moreover, the
estimated SNR at the first focal point is 595 and the value is almost twice at
the second focus 1000.
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Figure 20: THz imaging setup (). S is the THz source, L is a collimating lens,
F denotes the Fibonacci zone plate, T stands for imaged target, ZP is a zone
plate and D is the detector. Inset at the bottom depicts the two-dimensional
beam intensity distribution along the optical axis. It indicated the two
generated focal points. The experimentally obtained image at the first focal
point is depicted on the left side and the image obtained at the second focal
point is shown on the right side (b). The coloured scale is normalized to the
maximum signal value.

The results obtained endorsed the use of the Si-based Fibonacci zone plate
as a highly effective optical element that, when combined with the ZP, could
enrich THz imaging systems by producing a bifocal beam, that would allow
the imaging in two separate focal planes.

3.4.Bessel Zone Plate

Non-diffractive Besel beam derived from its radial transverse profile,
which mathematically is described by the Bessel function of the zero-order
[74]:

I(T‘, Z) — 4k P z

272
Z12nax} (14)
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where ki=k sina, K is the incident beam wavenumber and « external cone
angle, P is the incident beam power, w is the beam waist of the incident beam,
z is the displacement along the propagation direction, zmax=Wc/tana, and Jo is
the first kind zero-order Bessel function.

Bessel functions were first proposed in 1987 as solutions to the
Helmholtz equation [75]. These functions describe classical Bessel beams,
which are not only non-diffracting but also self-healing and have a remarkable
depth-of-field (DOF). Bessel beam modes are characterized by the order of
the beam — n. The zero-order beam exhibits a peak intensity on the optical
axis, meanwhile, if n>1, the mode has a minimum intensity at the center [76]
(see Figure 21). As one can see, when n=0, the beam cross-section contains
concentric rings and has a bright center. The power in the Bessel beam is
equally distributed between the rings. This means that with the increasing
number of rings, the power at the center of the axis decreases. However, the
more rings it has, the longer the propagation distance.
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Figure 21: The Bessel beam formation from Gaussian beam, using axicon.
The radius of the incident beam is marked as r, « is an external cone angle,
DOF is Depth-of-field and m is the ring thickness. Insets on the top depict a
transverse Bessel beam intensity profile, where the 0"-order beam is shown
on the left side, and the beam that has an order, equal to or greater than 1, is
depicted on the right side.

51



In theory, the Bessel beam can consist of an infinite number of rings, carry
infinite power, and have an infinite propagation. In reality, such a beam can
not exist. J. Durnin and his colleagues [77] suggested a Bessel beam
approximation that still acquires characteristics of a theoretical Bessel beam.
There are a few options to obtain the approximation of the Bessel beam
experimentally by applying a ring-shaped slit or an axicon. Comparing these
two methods, the latter is more effective because it employs the whole incident
Gaussian beam [78]. Axicon is a conical prism, made of a transparent
substrate. When the plane wave reaches the axicon, it forms a beam that
propagates very close to the optical axis and is very similar to the theoretical
Bessel beam [79]. The axicon converts the incident plane wave into a conical
light front, which begins to interact with itself at the axis of symmetry,
forming the characteristic needle-shaped Bessel beam, defined by the DOF
[76]:

rvi-n2sin?a T

DOF = ~
sina-cosa(n cosa—\/l—nzsinza) (n-Da

(15)

where r is the radius of an incident beam, n is the index of refraction of
an axicon, and a is an external axicon angle.

Moreover, the light ring with a constant thickness, m, is generated ahead
of DOF:

rvi-n2sin?a
= - = =T
cosa(nsin?a+cosavi-n2sin?a)

(16)

As one can see, the thickness of the generated light ring is proportionate
to the radius of the incident Gaussian beam [76].

However, if the aim is to create compact THz imaging systems, the
discussed axicons are too bulky. The best solution to solve this problem is to
design a binary axicon, whose performance is identical to the bulky axicon.
The binary axicon with a continuous profile can be designed using the
equation [80]:

_ lp(p)mod2n]
h(p) = R (17)

where the ¢(p) is the phase retardation, h(p) is the surface height, n is the

refractive index of the axicon, no is the refractive index of air and k is the free
space wave number.
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To obtain the binary axicon, one must compute the continuous profile
and then remove the undesired region from the bulky axicon as it is shown in
Figure 22 (b). Moreover, such a binary axicon profile can be quantized with
equal steps A [80]:

hq(p) = int [*2] A (18)

A

where A= and M defines the number of levels.

(n—-ng)M
With an increasing number of levels, the efficiency of diffraction
increases. Although, when considering the production of such multilevel
lenses, the more levels there are, the greater the challenges of fabrication. For
this reason, it is always necessary to find the optimum number of levels [80].

Axicon

Binary axicon

Figure 22: Bulky axicon (a). Darker blue parts depict binary axicon, while the
lighter colour area illustrates the removed part from a bulky axicon (b). Binary
axicon with quantized four levels (c). Adapted from [80].

Quantized binary
axicon

Such multilevel zone plates were also investigated by L. Minkevi¢ius et
al. [81], [82]. These studies demonstrated excellent performance of silicon-
based multi-phase optical elements that generate a Bessel beam and can be
adapted to THz imaging systems.

In this part of the research, we fabricated a Si-based Bessel zone
plate, which was also incorporated into a lensless THz imaging system,
this time enriching it with a non-diffractive illumination approach. The
focusing performance of the investigated zone plate and the obtained Bessel
beam is shown in Figure 23. After the Gaussian beam passes through the
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Bessel zone plate, radiation is focused into a 10 mm length “needle“ shaped
beam that consists of 5 focal points. As one can see, the distance between these
foci increases from 0.2 to 1.5 mm. Moreover, each focal point exhibits a wider
FWHM: 1 mm, 1.1 mm, 1.9 mm, 2.2 mm, and 3.7 mm, accordingly.

Lateral position (mm)
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=4
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1005
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Figure 23: A photo of the Bessel zone plate. Inset depicts the lateral profile of
this element. The image below shows an experimentally obtained two-
dimensional beam intensity distribution along the optical axis and at the focal
planes of five major foci. The coloured scale is normalized to the maximum
signal value.

Bessel zone plate imaging performance was also experimentally
investigated, and the obtained results are depicted in Figure 24. The target was
imaged in all five focal planes and the estimated spatial resolution varied
between 2.4\ and 1.6)\. As one can see in Figure 24 (b), the image of the target
is vivid in a wide focal range. This feature can improve THz imaging by
providing the benefit of scanning thick samples or evading the requirement of
placing objects in a very specific spot in order to get a sufficient quality of
image.
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Figure 24: THz imaging setup (a). S denotes the THz source, L is a collimating
lens, B stands for Bessel zone plate, T is imaged target, ZP is a zone plate and
D is the detector. The inset below depicts the two-dimensional beam intensity
distribution along the optical axis with expressed five major focal points.
Experimentally obtained images of a target at the corresponding focal
points (b). The coloured scale is normalized to the maximum signal value.

Until now, there has been only a brief mention of another very important
and distinctive Bessel beam characteristic. Given that the Bessel beam can be
considered as a set of waves propagating on a cone, it acquires a self-healing
feature. If the beam encounters an obstacle, that is smaller than the Bessel
zone plate, it will not diffract, however, the structured Bessel illumination will
reappear behind the obstacle and continue to propagate. This feature was
investigated in [P3] by imaging the same metallic target, only additionally
placing an opaque metallic plate as an obstacle between the Bessel zone plate
and the target. In this case, as the radiation passes through the Bessel zone
plate, it generates a conical wavefront and when the obstacle is placed in front
of the Bessel zone plate, it covers only a part of that conical wavefront. The
uncovered part of structured light propagates further and reaches the target.As
itis shown in Figure 25 (b), the obstacle was covered by a gradually increasing
area of the Bessel beam (10 %, 30 %, and 50 %). An evaluated spatial
resolution was 1.6\ for both 10 % and 30 % cases and it decreases to 3.2\
when the obstacle covered 50 % of the area. Although with the increasing
coverage of the element, contrast drops from 35 (a.u.) to 3 (a.u.).

55



© Normalized signal —

!

TN
T R

24 36 0 12 24 36 0
X (mm) X (mm)
Figure 25: Imaging setup with an obstacle (O) impermeable for THz
radiation (a). Experimentally obtained images of the scanned target, with the
obstacle covering (from left to right) a 10 %, 30 %, and 50 % area of the Bessel
zone plate (b). The coloured scale is normalized to the maximum signal value.

12

These results show that by employing the non-diffractive feature of the
Bessel beam, the THz imaging system is improved by acquiring the ability of
imaging samples even in the presence of an opaque obstacle.

3.5. Airy Zone Plate

The study of Bessel beams has created opportunities for the discovery
and development of other non-diffracting solutions. One of the examples
could be the Airy beam [83]. Similar to Bessel, Airy beams are also non-
diffracting and exhibit a self-healing feature. However, Airy has another
remarkable and unique characteristic of self-acceleration. Its concept is
derived from quantum mechanics. In the study by Berry and Balazs (1979)
[83] it was demonstrated that the Airy function is an eigenmode of the linear
Schrodinger equation, and it is the only non-trivial solution that does not
spread with time, but instead accelerates as it propagates through space [84].

To experimentally generate the Airy beam, Siviloglou et al. [85]
proposed to modulate a Gaussian beam with a cubic phase. To accomplish
this, they utilized a spatial light modulator (SLM) to apply the cubic phase
modulation. The Gaussian beam was directed through the SLM and a
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cylindrical converging lens. The Fourier transform of the modulated Gaussian
beam was obtained at a specific distance behind the lens, resulting in the
generation of an Airy beam.

In this study, our group proposed and demonstrated a flat Si-based
Airy zone plate enabling the generation and application of THz
structured light in the form of an Airy beam [P4]. At this point, the
structured THz illumination acquires a new supplemental feature of self-
acceleration, which enables imaging of objects partially covered by an opaque
beam block. Contradictory to conventional paraxial methods, a combination
of Fresnel and Airy zone plates generates a nondiffracting Airy beam that can
be employed in lensless THz imaging systems.

Structured light is electromagnetic radiation that exhibits a spatial
variation in amplitude, phase, or polarization across the transverse plane. The
initial objective was to experimentally generate structured nonparaxial Airy
beams. To achieve this, experiments were performed using two setups, shown
in Figure 26 (b,c).

Lateral position (mm)
0 2 4 6 8 10

a)

Figure 26: A photo of Airy zone plate (a). Inset depicts the lateral profile of
this element. 2D beam intensity distribution in optical axis and focal plane,
obtained using setup with combination of Airy and Fresnel zone plates (b) and
only Airy zone plate (c). Red lines are guides for an eye to highlight the Airy
beam which exhibits parabolic trajectory. The light red-shaded area
emphasizes the reciprocal trajectories. Setups are depicted at the top of each
segment. Coloured scale is normalized to the maximum signal value.
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The initial setup configuration incorporates both - Airy and Fresnel zone
plates, whereas the second setup only utilizes the Airy zone plate. The
implementation of both Airy and Fresnel zone plates generate a beam with a
consistent shape of longitudinal intensity distribution along the optical axis
throughout the range of 0 to 10 mm, see Figure 26 (b). The obtained Airy
beam exhibits a parabolic trajectory. The intensity distribution in the focal
plane (transverse plane) displays some distortion due to the nonparaxial
focusing via the zone plate. Moreover, the SNR reaches the value of 1180.

In contrast, the results achieved with the single Airy zone plate illustrate
that the Airy beam establishes a reciprocal self-bending as it propagates
through free space, maintaining its form over a distance of 6-16 mm.
Meanwhile, the beam intensity distribution in the focal plane remains
undistorted, and both "arms" are perpendicular to each other. Although, as the
beam propagates along the optical axis, its dimensions increase proportionally
to z2. In this case, the SNR is 570. Both scenarios showed that due to the
nonparaxiality of the Airy zone plate, it can generate a honparaxial structured
light either with or without the additional zone plate.

As it was shown in Chapter 3.4., the self-healing feature of the beam can
be exploited for THz imaging behind the obstacle. The same experiment was
replicated using the Airy zone plate in both ways: with (Figure 27 (a)) and
without (Figure 27 (b)) the supplementary zone plate. The opaque metal plate
was used as an obstacle, and it was positioned between the illuminating
element and the imaged target. The imaging process was reruned several times
with the obstacle gradually covering a greater area (10 %, 30 %, 50 %, and
60 %) of the illuminating element.

In the case where a single Airy zone plate was employed (Figure 27 (a)),
even with the greatest coverage of the element, the image of the sample is still
clear. Although the intensity is reduced, the bars with a period of 1.6 mm can
be resolved, resulting in a spatial resolution of 3.2\ and a contrast value of
26 (a.u.). Nonetheless, employing the combination of an Airy and Fresnel
zone plates (Figure 27 (b)) shows better results. After the obstacle covering
60 % of the illuminating element, the detected image is still clear and the bars
with the period of 0.8 mm can be resolved, offering an improved spatial
resolution of 1.6A. Meanwhile, the contrast value slightly decreases to
21 (a.u.).
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Figure 27: Imaging behind the obstacle, using setups where the target was
illuminated with only Airy zone plate (a) and with a combination of Airy and
Fresnel zone plates (b) when the obstacle covered 10 %, 30 %, 50 % and 60 %
of the illuminating element area. Setups are depicted at the top of each
segment. The coloured scale is normalized to the maximum signal value.

These results showed that the combination of the structured THz
illumination generating elements plays an important role in the quality of THz
imaging. With respect to the results, when the Bessel zone plate was used, at
more than 50 % coverage no image of the sample was obtained. Meanwhile,
when the Airy zone plate was employed, even with the reduced contrast, the
obtained images were clear and exhibited sufficient spatial resolution.
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Figure 28: Spatial resolution and contrast obtained using different
combinations of diffractive zone plates, with varying coverage (10, 30, 50,
60 %) of the illuminating element. The values of spatial resolution are marked
inside the coloured bars. A denotes the setup with only the Airy zone plate as
an illuminating element, A+ZP is the setup with a combination of Airy and
Fresnel zone plates and B marks the setup with the Bessel zone plate. Adapted
from [P4].

For better clarity, the dependence of contrast and spatial resolution on
the varying coverage (10, 30, 50, and 60 %) of the illuminating element is
shown in Figure 28. These values are obtained from the imaging results,
shown in Figure 27. The contrast is defined as the ratio between the maximum
and minimum intensity and its values are given on the y-axis. The spatial
resolution values are marked inside the coloured bars. A denotes the setup
with only the Airy zone plate as an illuminating element, A+ZP is the
combination of Airy and Fresnel zone plates and B marks the setup with the
Bessel zone plate. The performance of a single Airy zone plate decreases with
increasing coverage, the spatial resolution reduces from 2\ to 3.2A. The
combination of Airy and Fresnel zone plates exhibits better performance —
there is only a slight change in spatial resolution from 1.4\ to 1.6\
Meanwhile, in the case of the Bessel zone plate, the spatial resolution
decreases from 1.6\ to 3.2. Furthermore, when more than half of the element
is covered, it is no longer possible to distinguish the resulting image. In all
cases contrast decreased with the increasing coverage.
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Figure 29: A photo of imaged sample, consisting of Si and various numbers
of graphene layers (a). Imaging of graphene samples using only Gaussian
illumination (b) and the illumination of nonparaxial Airy beam (c). The
coloured scale is normalized to the maximum signal value. Black lines
represent the intensity profile of imaged samples and the red dashed line marks
the position of this cross-section. Setups are depicted on the left side of each
segment. Transmittance ratio of graphene samples for both setup
configurations (d).

The encouraging outcomes from the previous experiments sparked the
interest in structured nonparaxial Airy THz illumination capabilities in the
imaging of 2D materials. In this experiment, we chose graphene as a material
of high interest for THz research. Despite the fact that graphene is very thin
and exhibits low absorption, phase changes can be expected in the structured
light illumination of graphene layers. Due to this, in the [P4] research 5
samples with 1, 2, 3, 4, and 5 graphene layers, were transferred on the Si
substrate, while another sample of bare Si served as a reference (see Figure
29 (a)). The samples were investigated using THz-CW imaging system. The
employed experimental setups were of two different configurations: the first
one consisted of only two zone plates and produced Gaussian illumination
while the second one contained a combination of the Airy and Fresnel zone
plates resulting in nonparaxial Airy beam illumination. For the first setup that
employed only the Gaussian illumination (Figure 29 (b)), it was noticed that
with an increasing number of the graphene layers the intensity of the signal
slightly decreases, although this dependence was weaker for samples with
more graphene layers (4-5). In this case, the SNR value was 118. However,
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for the second setup, delivering the structured illumination of the nonparaxial
Airy beam, the intensity dependence on the number of graphene layers is no
longer monotonical. It was noticed that the transmittance of the sample with 3
graphene layers increased in comparison with the results, obtained using
Gaussian illumination. Moreover, these 4 and 5 graphene layers exhibit a
greater difference of ~40 % in intensity. Furthermore, the combination of the
Airy and Fresnel zone plates results in SNR=326, which is almost triple than
for the setup without the Airy zone plate. This can be explained by taking into
account the effects associated with the light polarization. Slight variations in
the thickness of the sample or refractive indices of both the graphene and Si
substrate can impact the transmissivity. For a better understanding of this
effect, in the supplementary material [S1] of the [P4] publication the 2D plot
of the transmission through the layered graphene structure was simulated.

The transmission of the s-polarized Gaussian beam T2 is depicted in
Figure 30 (a). For comparison, to illustrate the difference caused by the
structured illumination, the plot of the TA™/TS ratio is presented in Figure
30 (b). The results suggest that the sample containing 3 graphene layers might
behave differently due to the interaction of the graphene layer and the Si
substrate, which leads to changes in the refractive index (n) of the Si or
graphene conductivity. When the graphene becomes metallic, i.e. its
refractive index (n) strongly changes, the difference in transmission of the
light with varying polarizations is observed. When the incident angles of light
are larger, graphene exhibits enhanced transmission of p-polarized light.
However, at smaller incident angles, s-polarised light is transmitted better.

Whereas, the Gaussian beam propagates near the optical axis, the
graphene displays a similar effect on s and p-polarized THz light. As can be
seen from Figure 30 (a), the presence of variations in the real part of the
refractive index results in an interferometric oscillatory pattern in the
transmission for both s and p polarizations. However, in the case of the
structured light illumination, the Airy beam spreads out leading to diverse
incident angles and resulting in the more pronounced difference between
polarizations. This can be seen in Figure 30 (b), where the oscillatory pattern
differs from the case with the Gaussian illumination.
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Figure 30: The transmittance distribution of the s polarized Gaussian beam
passed through the 3 graphene layers placed on Silicon on the effective
refractive index n of the Si and the normalized conductivity of graphene (a).
Transmittance distribution of the ratio between the s-polarized Gaussian beam
and the s-polarized Airy beam (TSAW/T52%%) (b). Adapted from [S1].

The obtained results allowed to underline the following findings:

¢ [t was shown that the combination of silicon-based Airy lens and zone
plate generates a nondiffracting nonparaxial Airy beam with the parabolic
trajectory and can significantly improve the signal-to-noise ratio from 570 to
1180, moreover, resulting in twice better spatial resolution (1.6)), when
compared to the performance of the single Airy lens, that produces the
expanding Airy beam with the reciprocal trajectory.

¢ |t was demonstrated that the Airy zone plate provides the capability
to perform terahertz imaging in the presence of an opaque beam block. It was
shown that even when the 60 % area of the illuminating Airy zone plate was
covered, the obtained image was still clear, exhibiting a contrast of about
30 (a.u.) and a spatial resolution of 3.2A. Meanwhile, when the combination
of Airy and Fresnel zone plates was employed, the spatial resolution was
significantly better - 1.6A.

e The structured nonparaxial Airy beam provides a possibility for the
evaluation of the optical properties of graphene layers. It was demonstrated
that imaging of 2D samples with conventional Gaussian illumination gives a
signal-to-noise ratio value of 118. The combination of Airy and Fresnel zone
plates exhibits a three times higher signal-to-noise ratio with a value of 326.
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Relying on the presented findings, one can formulate the following
statements for defence:

The nonparaxial structured light in the shape of THz Airy beam can
be generated using silicon-only based diffractive optics and its
accelerating nature can be applied for imaging of partially obscured
objects.

The structured THz light illumination outperforms conventional
Gaussian one in terms of resolution and contrast in THz imaging of thin
graphene layers.
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Digital THz
hologrqphy

The distinctive properties of THz radiation make it a favorable option for
imaging applications, including cases when imaged objects exhibit low
absorption. It relies on phase shifts related effects rather than change in the
intensity. As a rule, this approach requires a coherent way of image recording
employing either heterodyning or homodyning techniques. In contrast to
aforesaid methods, it is capable to reconstruct 3D images enabling thus
obtaining the whole information on intensity and phase distribution in the
object under test. This feature provides holography an advantage in
discriminating transparent and low-absorbing materials.

4.1. Introduction to Holography

Holography is the best-known technique for reproducing 3D images.
This method was invented by Dennis Gabor in 1947 [86], who later was
awarded the Nobel Prize in Physics. Unlike conventional photography which
captures only the intensity of the light, the holography registers both the
intensity and the phase information of light.

To record a holographic image, the laser beam is split into two parts (see
Figure 31). The first beam (the object beam) is reflected from (or transferred
through) the sample and reaches the hologram plane. This beam contains
information about the imaged object. The second beam (reference beam) goes
straight to the hologram plane. Both — object and reference — beams meet at
the hologram plane and create an interference pattern. This pattern encodes
the specific 3D information about the imaged object. Hence, the object beam
(A) and the reference beam (B) give the interference pattern (C): A+B=C. In
order to reconstruct the hologram and obtain the real 3D image of the object
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(A), the recorded interference pattern (C) needs to be illuminated with the
reconstruction beam, which is identical to the reference beam (B): A=C-B.
The reconstructed beam (A) is identical to the object beam, thus it recreates a
3D image of the object.
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Figure 31: The principal of holographic image recording on the left side and
the principal of object reconstruction on the right side.
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In contrast to conventional photos, each part of the hologram, due to the
phase, contains information about the whole image. Therefore, if the hologram
plane would be split into many fragments, the complete image can be
reconstructed from each separate piece of the hologram.

THz holographic images can be recorded and reconstructed using a wide
range of techniques [87]. Among the most common techniques is the Fresnel
hologram, which is based on the interferometer principle. However, THz
holography still faces many challenges because of the need for reliable,
sensitive detectors that can operate at room temperature and the limitations of
low power of THz radiation sources. Numerous intriguing approaches have
been explored to enhance THz holography, including near-field holography
[88], time-reversal [89], off-axis [90], [91] and in-line [92] holography of
hidden objects. Furthermore, the quality of recorded holographic images can
be significantly enhanced by using contemporary THz holography solutions
such as the step phase shifting technique, which is investigated and discussed
in the following chapter.
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In this part of the research, our group conducted a [P5] study where
a novel two- and four-step phase-shifting technique in THz digital
holography was introduced. By shifting the phase of the reference beam, this
approach enables the reconstruction of 3D objects. By utilizing a setup based
on the Mach-Zehnder interferometer, two- and four-step phase shifting (PS)
methods were implemented. It was shown that phase shifts in Fresnel
holograms can subtract the unwanted background, resulting in an
enhancement in the overall quality of the holographic images.

In what follows, we propose a step PS technique to resolve the issue of
noise subtraction and proper determination of phase distribution in the sample.

4.2. Two- and Four-step Phase-Shifting Techniques in Digital Terahertz
Holography

When the hologram is recorded, the registered intensity interference
pattern produces four components, however, in digital holography three of
these components generate noise in reconstruction and therefore reduce
quality and only real image can be observed and reconstructed. To eliminate
the noise, produced by three unwanted components, the phase shifting (PS)
technique can be employed [93], [94]. In this approach, the imaging process
is repeated between two to five times, each time changing the phase of the
reference beam [95]. This procedure enables the reconstruction of the image
by employing a specific algorithm [96].

For the four-step PS the reconstructed complex transmittance, which
describes the distribution of the light field propagating back to the real image
plane, can be expressed using the equation:

Thotorsa (6, ¥) = L1271 ;6 Y)Ures ;i (2,) (19)

where I is the intensity, obtained at each measurement. j corresponds to
phase shifts introduced at each measurement, i.e. j=1, 2, 3, 4 coincides with 0,
n/2, m, and 37m/2, respectively. Urer j IS the reference beam in the hologram

plane (x.y).
Subsequently, this equation can be simplified, when all four exposures

are multiplied by the PS value:
Thotopsa(x,y) = 4‘Uobj(xr y) (20)

where the Uqy; is the light field distribution in the hologram plane.
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This equation states that after the back propagation only the light field
distribution of the real image will be reconstructed, thus removing the
unwanted components, which reduces the hologram quality.

In the case of two-step PS, the simplified hologram transmittance is:

Thotops2(%,y) = 2Uop;(x,y) + 2Ugp (%, ¥) (21)

where U’qy; corresponds to the light field distribution forming a virtual
image.

In this case, the unwanted component remains, although it is hardly
noticeable whereas it forms a divergent beam.

Following that, the experimental measurements of THz holography were
conducted using two-step and four-step PS methods, using the setup depicted
in Figure 32 (a). The phase shift was achieved by placing paper sheets in the
reference beam between M3 and BS,. The two-step PS matched phase shifts
in the reference beam by 0 and n. Meanwhile, for four-step PS it corresponded
to 0, m/2, m, and 3n/2. The THz holograms were recorded at 0.6 THz using a
specific sample, shown in Figure 32 (b), that was employed to illustrate the
advantages of using the PS method. The phase changes introducing sample
was produced of opaque aluminum foil with cutout “E* shaped elements,
where one of them was completely hollow and another one consisted of five
areas with 0, 1, 2, 3, and 4 paper sheets that under 0.6 THz frequency
illumination produced phase shifts of 0, /4, /2, 3n/4 and =, respectively. The
experiment was conducted by holography without any paper sheets in the
reference beam and again by adding 2, 4, and 6 paper sheets between M3 and
BS,, which resulted in phase shift by 0, n/2, =, and 3 /2. After obtaining the
experimental results, the phase distributions were reconstructed using both
two-step and four-step PS techniques, and the results are depicted in Figure
32 (c). For better comparison, the phase reconstruction using a single
hologram (one-step) was also performed and shown in Figure 32 (c).
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Figure 32: Optical setup used to record a THz digital hologram at 0.6 THz
frequency (a). E labels the electronic THz emitter, generating radiation with
0.6 THz frequency; L is the collimating lens; M1, My, and M3 denote gold-
coated flat mirrors; BS; and BS; are Si beam splitters; S labels the sample; PS
is a phase shifting element; D is the microbolometer detector. Imaged sample
made of aluminum foil with cutout “E” shaped elements (b). Coloured areas
mark parts, covered with a different number of paper sheets. Phase
distributions of the reconstructed holograms using one, two, and four-step
phase shifting techniques (c). Coloured scales are normalized to the maximum
value of the signal. Adapted from [P5].

As one can see, the phase distribution derived from the single hologram
does not reveal the distinct phase variations in sample areas with different
numbers of papers. However, phase changes are clearly distinguishable using
two- and four-step PS techniques. When it comes to the two-step PS method,
it offers a notable advantage of being twice as fast compared to the four-step
PS technique. Additionally, this method can yield satisfactory results,
particularly for objects that are absorbing and not transparent. Consequently,
the two-step technique proves to be sufficient in eliminating undesired
background noise levels from 0.034 to 0.017. Although, there was no
distinction made between areas with the phase changes within the range of O-
31/4, only the area exhibiting a phase change of m were distinguished.

However, as one can see, the four-step PS technique provides the more
accurate mapping of different phase level areas, as parts with different
numbers of paper sheets, corresponding to the phase changes in a range of 0-
, are distinguishable from each other.
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Therefore, the two-step PS method proves to be advantageous when
measuring the absorbing objects, where the primary focus is on capturing
intensity changes. On the other hand, the four-step PS technique is more
favorable for investigating low-absorbing or transparent samples, as it
effectively records phase changes in the holographic images.

4.3. Comparison of Imaging Techniques for Recording Phase Objects

As already highlighted in this section, holography enables the
reconstruction of not only the intensity but also the phase distribution. A great
way to demonstrate the potential of phase imaging is to compare the results
obtained from various imaging techniques. This was established in the [P5]
study, where the holography technique was compared to point-to-point, plane-
to-plane, and dark field filtering methods. A consistent sample, which is
depicted in Figure 33 (a), was used for all cases, which contains diverse
components with varying levels of transmittance and therefore introducing
different phase changes.

If the phase object exhibits an almost uniform intensity distribution in
the object plane, it will lead to an almost uniform intensity distribution in the
image plane. For instance, areas in the sample containing different numbers
of papers will exhibit identical intensity levels, making them indistinguishable
from each other. This is observed when the sample is imaged using the plane-
to-plane technique. Obtained intensity distribution and a setup scheme are
depicted in Figure 33 (b). Nevertheless, this imaging method possesses the
advantage of capturing the entire plane instantly.

To address this issue and enhance the differentiation of these distinct
phase objects, alternative setups such as point-to-point, spatial filtering, and
holography were employed. The point-to-point imaging, shown in Figure
33 (c), provides improved resolution by focusing the THz radiation onto the
detector. The resolution increases with the decreasing focal spot. As one can
see, the image obtained using this technique exhibits good quality and reveals
some phase changes by also highlighting the edges of individual components.
However, this technique requires raster scanning of the sample, resulting in a
longer acquisition time compared to the first case where the entire sample is
captured in a single image.

Conventional direct THz imaging (bright field imaging) is well-suited
for imaging of strongly absorbing objects. Although, in the case of weakly
absorbing objects better contrast is needed. To tackle the problem, the spatial
filtering technique can be employed [97]. The imaging results and a relevant
setup of dark field filtering are depicted in Figure 33 (d). In this case, the filter
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is placed in the plane-to-plane setup at the Fourier plane. The filter removes
the direct light or low-frequency components from the spectrum and transmits
only light scattered by the sample. Finally, the image with the dark
background around the sample is obtained and the objects with different phase
shifts can be distinguished.

Plane -to- plane Pomt -to- pomt Dark fleld

@O Ol O@OO I @O OI

| %»-Dgi |

Hologram reconstruction

Intensity distribution f) Phase distribution

Figure 33: Imaged sample, consisting of diverse components exhibiting
varying levels of transmittance (a). 1 marks paper sheets and the number in
the brackets indicates the number of paper sheets. 2 denotes the T-shaped
aperture. 3 marks a component made of aluminum foil. 4 is a rubber glove. 5
is a low-density polyethylene bag and 6 is a multilayered gauze cloth. Direct
THz image obtained using the plane-to-plane technique (b). The top part
illustrates the experimental setup scheme, where L; and L, are lenses, S
denotes the sample and D is the detector. Direct THz image obtained using the
point-to-point technique (c). Direct THz image obtained using dark field
filtering technique (d). In the experimental setup above component F marks
the spatial filter. Intensity (€) and phase (f) distribution reconstructions were
obtained from registered holograms at 0.6 THz using the PS technique. The
inset on the right side shows the enlarged part of the sample with a different
number of paper sheets causing different phase levels, where the black lines
indicate the phase change caused by papers. Colour scales are normalized to
the maximum values.

Phase shift
5m 0
(rad) =
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Nonetheless, the dark field technique can be employed for imaging
objects that introduce only the phase shifts within the range of 0 to n/2.
However, the holography technique can extract phase values from the 0-2xn
range, although it requires further phase retrieval techniques. Moreover, the
holography method allows the recording of a complex light field distribution,
containing information about both amplitude and phase, at different planes,
starting from the hologram plane. This enables the reproduction of a 3D
image.

The reconstructions of intensity and phase distributions obtained from
registered holograms using the PS technique are depicted in Figure 33 (e) and
(), respectively. The reconstructed intensity distribution is not uniform and it
exhibits dark edges of different phase shift objects. Although, techniques that
enable visualization of the phase are more suitable because they allow for
mapping different phase values from the object as distinct phase levels in the
image plane. The enlarged inset in Figure 33 (f) that the phase levels of
different number of paper sheets can be distinguished with phase shift
reaching up to 5w/4. Furthermore, the edges of different areas also can be
observed.

240

08 35
3 180 « | @ Plane-to-plane
S 06 %; -@- Point-to-point
>
z 120 2 Dark field method
S 0.4 a
L 2 | -m- PS hologram
T 02 60 &

1 1 2 3 4 5 6
Number of paper sheets (pcs)

Figure 34: The comparison of different phase level mapping using various
techniques: plane-to-plane, point-to-point, dark field method, and PS
holography. The intensity distributions were recorded at 300 GHz, while the
hologram was registered at 600 GHz.

The plane-to-plane, point-to-point, and dark field methods are employed
to visualize phase variations within the recorded intensity pattern, meanwhile,
the PS hologram method allowed to reconstruct the phase distribution. The
comparison of different phase level mapping using various techniques is
depicted in Figure 34. It is evident that the plane-to-plane and point-to-point
methods provide completely different outcomes when compared to the
holography method. The first two methods exhibit only a slight, less than
10 %, variation in intensity dependence to the introduced phase shift. Moving
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forward, the dark field method generates an intensity image for the phase
changes that do not surpass /2. However, for higher phase change values, this
method shows a reduction in intensity, which becomes apparent after
introducing more than four paper sheets. It is important to notice that all
intensity distributions, using the first three methods were recorded at
300 GHz, where the 27 phase shift is achieved by adding 16 paper sheets.

In contrast, the holography was registered at 600 GHz, where the 2n
phase shift is achieved by adding 8 paper sheets. This method uncovered the
capability to accurately map all introduced phase shifts ranging from 0 to 5w/4.
The distinctive areas of each of the six paper sheets can be distinguished by
comparing the average values in the reconstructed phase distribution.

To conclude, the plane-to-plane and point-to-point imaging techniques
provide only information about the amplitude. The spatial filtering technique
(dark field method) implements the mapping of phase values introduced by
the sample into an intensity pattern within the image plane. Although this
method can be employed only for objects that exhibit phase changes in the
range of 0-rt/2. The holography technique provides both —amplitude and phase
— information and can be applied for imaging objects with phase changes in
the range of 0-2x. The results of the phase level mapping demonstrate that
holography outperforms other techniques in accurately discriminating objects
with varying phase shifts.

4.4, Coloured Terahertz Digital Holography

As a general practice, holographic images are typically recorded using a
single wavelength, resulting in monochromatic images. Although, by using
different frequency illumination, coloured holography can be accomplished.
To achieve this, for the first time our research group conducted digital
holography [87], [98] [99] at four different frequencies: 1.39 THz, 2.52 THz,
3.11 THz, and 4.25 THz by employing an optically-pumped molecular THz
laser and a broadband nanometric field effect transistor [100], [101].
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Figure 35: Optical setup used to record THz digital holograms at four different
frequencies: 1.39 THz, 2.52 THz, 3.11 THz, and 4.25 THz (). E labels the
source — optically pumped molecular THz laser; PM1, PM;, and PM3 denote
parabolic mirrors; C is a chopper; M1, M, and M3 are gold-coated flat mirrors;
BSi1, BS;, and BS; label Si beam splitters; S is the imaged sample; PS denotes
phase shift element; D; and D, are detectors. Imaged sample made of
aluminum foil with cutout “E” shaped element (b). Coloured areas mark parts,
covered with a different number of papers.

In this case, a sample produced of aluminum foil with a cut-out “E” shaped
element was investigated. The element consisted of four areas with 0, 1, 2, and
3 paper sheets that induced a phase shift that is different under various
illumination frequencies and is presented in Table 1.

Table 1: The phase shift dependence on a number of papers for different
frequencies.

1 paper sheet shifts phase by:  @/7 | @/3 | 2a/5 | =/2
The number of papers to reach 2z PS: 14 ’ 6 ’ 5 ’ 4

Once again, the obtained experimental results were used for phase
reconstructions using one-step, two-step, and four-step PS techniques that are
depicted in Figure 36.
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Figure 36: Phase distributions of the reconstructed holograms at four different
frequencies: 1.39 THz, 2.52 THz, 3.11 THz, and 4.25 THz, using one, two,
and four-step phase shifting techniques.

As one can see, for 1.39 THz and 2.52 THz frequencies, the four-step PS
technique provides the accurate mapping of areas with different phase shifts,
as the areas of the “E* element containing a different number of paper sheets
exhibit different phase shift values. Meanwhile for higher frequencies —
3.11 THz and 4.25 THz — the phase reconstructions using the four-step PS
technique can also provide a mapping of phase changes. However, it is
important to note that the accuracy of these reconstructions may be somewhat
compromised. The potential reason behind this phenomenon could be
attributed to the fact that the 3.11 THz and 4.25 THz radiation wavelengths
correspond to 90 um and 70 pum, respectively, while the areas comprising the
'E' element of the sample are filled with papers with a roughness of 80 um.
Consequently, at higher frequencies, the sample scatters the radiation more
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significantly, leading to less accurate imaging results. This, in turn, affects the
accuracy of the phase reconstructions. By chosing a proper phase object with
reduced scattering characteristics one can enhance the potential of quality and
precision of phase reconstructions.

In summary, colour digital THz holography is a promising technique in
imaging and discrimination of materials exhibiting different spectral
fingerprints at different frequencies.

The obtained results allowed to underline the following findings:

¢ A two- and four-step phase shifting technique is developed and this
approach has been successfully employed to reconstruct the phase distribution
of phase objects. The two-step technique proves to be sufficient in eliminating
undesired background noise levels from 0.034 to 0.017. Although the four-
step phase-shifting technique provides more accurate phase mapping.

e It was shown that the holography technique outperforms other
imaging techniques, such as plane-to-plane, point-to-point, or spatial filtering,
due to its ability to perform accurate phase shift mapping and accurately
distinguish the objects with varying phase shifts within the range of 0-2x.

e The coloured digital terahertz holography was demonstrated for the
first time by using different 1.39 THz, 2.52 THz, 3.11 THz, and 4.25 THz
frequency illumination. The two- and four-step PS technique was applied,
where the four-step PS method resulted in a more accurate mapping of phase
changes.

Relying on the presented findings, one can formulate the following
statements for defence:

Digital terahertz holography with two- and four-step phase-shifting
techniques enable a better quality of the recorded images and their
reconstructions than a single terahertz hologram due to an unwanted
background subtraction.
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CONCLUSIONS

1. It was shown that graphite-based terahertz zone plate exhibited an
almost identical transmittance spectra to the conventional metallic terahertz
zone plate. Moreover, its focusing performance was evaluated and compared
to the unfocused beam, the graphite-based terahertz zone plate demonstrated
an increase in signal value by 8.

2. Single and double graphene layers transferred on a silicon substrate
under the laser illumination displayed optical charge carrier modulation in
grapehene, resulting in modulation depth values of 42 % and 45 %,
respectively.

3. By applying the combination of terahertz imaging technique and
optical charge carrier modulation, single and double graphene layers
transferred on silicon substrate exhibited a pronounced change in contrast:
0.16 for single layer and 0.23 for double layer graphene.

4. Metasurfaces with complementary split-ring resonators were
fabricated from 25 pm thin and flexible stainless steel foil. The flexibility of
this metasurface allowed it to demonstrate the focusing performance under
mechanical deformation, i.e. bending. The intensity of the beam, when the
metasurface is bent (d/L~0.72), decreases to ~30 % maximum signal value
with respect to the undeformed plate, although it maintains its focusing ability.
Although the metasurface is mechanically deformed, the shape of the
Gaussian beam remains.

5. The polarization-resolved terahertz imaging was performed and the
results confirmed that the metasurfaces with complementary split-ring
resonators not only can focus the terahertz beam, but also control its
polarization.

6. The generation of nonparaxial structured light in the shape of THz
Airy beam was demonstrated using exclusively silicon diffractive optics.
When using a single Airy zone plate the signal-to-noise ratio value of 570 was
achieved. The additional introduction of the Fresnel zone plate together with
Airy zone plate significantly improved the signal-to-noise ratio reaching the
value of 1180. Furthermore, the combination of Airy and Fresnel zone plates
results in twice better spatial resolution (1.6 L) when compared to a single Airy
zone plate. It implies that the proper selection of light-collecting optics can
have an essential effect on the quality of the image.

7. It was demonstrated that the Airy zone plate provides the capability
to perform terahertz imaging in the presence of an opague beam block. It was
shown that even when the 60 % area of the illuminating Airy zone plate was
covered, the obtained image was still clear, exhibiting a contrast of about
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30 (a.u.) and a spatial resolution of 3.2A. Meanwhile, when the combination
of Airy and Fresnel zone plates was employed, the spatial resolution was
significantly better - 1.6A.

8. The structured nonparaxial Airy beam provides a possibility for the
evaluation of the optical properties of graphene layers. It was demonstrated
that imaging of 2D samples with conventional Gaussian illumination gives a
signal-to-noise ratio value of 118. The combination of Airy and Fresnel zone
plates exhibits a three times higher signal-to-noise ratio with a value of 326.

9. A two- and four-step phase shifting technique is developed and this
approach has been successfully employed to reconstruct the phase distribution
of phase objects. The two-step technique proves to be sufficient in eliminating
undesired background noise levels from 0.034 to 0.017. Although the four-
step phase-shifting technique provides more accurate phase mapping.

10.The coloured digital holography was demonstrated by using different
1.39 THz, 2.52 THz, 3.11 THz, and 4.25 THz frequency illumination. The
two- and four-step PS technique was applied, where the four-step PS method
resulted in a more accurate mapping of phase changes.
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SANTRAUKA
Ivadas

Teraherciné (THz) spinduliuot¢ (1 THz = 10'? Hz), dar vadinama
submilimetrine spinduliuote, elektromagnetiniy bangy skaléje priskiriama
spektriniam ruozui nuo 0,1 THz iki 10 THz (atitinkamai, bangos ilgiams nuo
3 mm iki 30 um bei energijoms nuo 0.4 meV iki 40 meV) [1][2]. Mikrobangy
ruoze, uzimanéiame Zemesniy THz dazniy juostos dalj, taikomi elektroniniai
principai, taciau tolesnj darbinio daznio didinima riboja dreifinis greitis. Kita
vertus, THz kvantiné energija yra labai maza (1 THz atitinka 4.1 meV), o tai
reiSkia, jog kambario temperattiroje sunku pasiekti kriivininky inversija, todél
§i aplinkybé lemia apribojimus optinéje elektromagnetinio spektro puséje.
Todél THz diapazonas gali bati laikomas jungtimi tarp elektroniniy ir
fotoniniy prietaisy [3], kuriy veikimas turéty apimti skirtingus fizikinius
principus. THz spindulivotés taikymy atveju, daugelis regimajai ir
infraraudonajai Sviesai neskaidriy medziagy, pavyzdziui, popierius, drabuziai
ar plastikas, yra pralaidzios THz spinduliuotei. Dél Sios savybés THz
spinduliuoté gali uztikrinti nedestruktyvy vaizdy atkiirima, kuris yra taikomas
apsaugos sistemose, pakuociy tikrinime, paveiksly tyrimuose ir t. t. [4]-[6]. Be
to, skirtingai nei Rentgeno spindulioté, THz spinduliuoté pasizymi maza
energija, todél yra nejonizuojanti bei saugi zmogaus organizmui ir dél Sios
savybés taikoma medicinoje [7], [8].

Yra keletas pagrindiniy THz sistemy tipy, kurie yra skirstomi pagal
naudojamus Saltinius: THz spektroskopija su laikine skyra (THz-TDS) ir THz
nuostoviosios veikos (THz-CW) matavimo metodas [9].

Dazniausiai naudojama THz-TDS sistema yra spektroskopijos metodas,
kuomet vaizdinamas bandinys yra skenuojamas trumpais THz impulsais. THz
impulsai generuojami puslaidininkiniy dariniy pavirSiuje, ap$vieéiant juos
femtosekundiniu lazeriu [10]. Sis metodas leidzia i¥matuoti pro bandinj
pragjusios (ar nuo jos atsispindéjusios) THz spinduliuotés spektra, jo
komponenciy amplitude ir faze. Gauti duomenys leidzia surinkti daugiau
informacijos apie tiriamos medZiagos struktiirg, sudétj ar optines savybes [11],
[12].

Taciau labiausiai THz spinduliuoté iSpopuliaréjo pradéjus taikyti THz
vaizdinimo sistemas. Naudojantis THz-CW vaizdinimo sistema, galima
realiuoju laiku uzfiksuoti dvimatj (2D) bandinio vaizda. Taikant §] metoda
naudojamas vienadaznis $altinis ir fiksuojama tik pro bandinj praéjusios arba
nuo jo atsispindéjusios THz Sviesos amplitudé. Taciau homodininése ir
heterodininése CW vaizdinimo sistemose gali biiti gaunama ne tik amplitudés,
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bet ir fazés informacija, jgalinanti gauti fazinius vaizdus ir tuo biidu tyrinéti
mazai absorbuojancius bandinius. Lyginant su pirmiau minétomis THz-TDS
sistemomis, THz-CW yra gana nebrangi ir pasizymi gana dideliu vaizdy
uzraSymo  grei¢iu. THz-CW vaizdinimo sistemas jprastai sudaro
nuostoviosios veikos Saltinis, optiniai komponentai, skirti sufokusuoti THz
pluosta j bandinj, ir detektorius, registruojantis pro bandinj pragjusj arba nuo
jo atsispindéjusj signalg [9]. Nuostoviosios veikos THz Saltiniai gali bati
jvairts: elektrony pernasos (Gano) diodai [13], kvantiniai kaskadiniai lazeriai
[14], optiskai zadinami THz dujy lazeriai [15] ir atgalinés bangos osciliatoriai
[16]. Taip pat, THz-CW sistemose galimas platus detektoriy, tokiy kaip
piroelektriniai detektoriai [17], mikrobolometry masyvai [18], Golajaus celés
(angl. Golay cells) [19], ,,peteliskés“ tipo antenos [20] ir Sotki diodai [21],
pasirinkimas.

Siekiant patobulinti ir i§plésti THz vaizdinimo sistemy taikyma, jos turi
tapti kaip jmanoma kompaktiskesnés ir patogios naudoti. Mazinant THz
vaizdinimo  sistemas, daugiausia démesio skiriama aktyviesiems
komponentams, pavyzdziui, Saltiniams ir detektoriams, o ne pasyviesiems,
tokiems kaip leSiai ir veidrodziai, nepaisant to, kad pastarieji yra dideliy
gabarity ir daznai reikalauja tikslaus optinio suderinimo [1]. Laimei, didelius
optinius komponentus galima pakeisti plonais ir kompaktiskais difrakciniais
elementais. Pavyzdziui, i§ didelio tankio polietileno (HDPE) pagamintus
storus leSius ar stambius parabolinius veidrodzius galima pakeisti plonais
difrakciniais optiniais elementais, pagamintais i§ didziavarzio silicio,
naudojant lazerinés abliacijos technologija [22], [23]. Tuo tarpu, pluosto
formavimui galima pasitelkti ir kitas lankscias bei plonas medziagas [24].
Metapavirsiai [25], sudaryti i§ mazesniy nei bangos ilgio rezonatoriy masyvy,
suteikia galimybe formuoti THz pluosta ir keisti jo charakteristikas valdant
amplitude, fazg ir poliarizacija.

Darbo tikslas

Sukurti ir iStirti terahercinéms vaizdinimo sistemoms tinkamus
kompaktiskos ir lanksCios optikos elementus, galinCius pakeisti jprastus
dideliy gabarity optinius komponentus.

Darbo uZdaviniai
1. ISplésti difrakciniy optiniy elementy, skirty THz vaizdinimo

sistemoms, pasirinkimg, randant ir pritaikant tinkamas ir naujas lankscias
medziagas bei dizainus.
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2. Sukurti THz vaizdinimo sistema, kurioje jprasti lesiai ar veidrodZiai
buty pakeiciami ploksciais ir tik i$ silicio pagamintais difrakciniais optiniais
elementais ir istirti jy galimybes terahercinés §viesos pluosto formavimui ir
surinkimui.

3. Patobulinti THz skaitmeninés holografijos metoda, leidziantj uztikrinti
geresng jrasyty vaizdy kokybe lyginant su jprastu vieno zingsnio holografijos
metodu.

Darbo naujumas

1. Pirma kartg teraherciniy zoniniy ploksteliy gamybai buvo panaudota
plona ir lanksti grafitiné plévelé, o gauto optinio pralaidumo spektro forma
yra beveik identiSka metalinés terahercinés zoninés plokstelés spektro formai.
Ivertintas grafito zoninés plokstelés fokusavimo efektyvumas ir nustatytas 8
kartus didesnis signalas, lyginant su nefokusuoto pluosto signalo verte, o tai
rodo, jog grafitiné plévelé yra tinkama plony ir lanksciy teraherciniy zoniniy
ploksteliy gamybai.

2. Optiné kravininky koncentracijos moduliacija pritaikyta ant silicio
uzkeltiems grafeno sluoksniams, o gautos moduliacijos gylio vertés sickia
42 % ir 45 % atitinkamai vienam ir dviems grafeno sluoksniams. Pirmg karta
optiné moduliacija buvo taikoma kartu su terahercinio vaizdinimo metodu,
taip sukuriant didesnj kontrasto pokytj: 0,16 vieno grafeno sluoksnio ir 0,23
dviejy grafeno sluoksniy atveju. Toks abiejy metody naudojimas gali padéti
atskirti sritis su skirtingu grafeno sluoksniy skai¢iumi.

3. Pirma karta pagaminta grafeno pagrindo zoniné plokstelé ir
pademonstruotos jos fokusavimo galimybés, kuomet kartu yra taikoma ir
optiné grafeno kriivininky koncentracijos moduliacija.

4. I§ 25 pm storio lankscios nertidijancio plieno folijos buvo pagaminti
metapavirsiai su invertuotais padalinto ziedo rezonatoriais. Pademonstruotos
§io metapavirsiaus fokusavimo galimybés esant mechaninei deformacijai, t.y.
lankstant metapavirsiy, dél kurio fokusuojamo pluosto intensyvumas nukrito
vos 30 %. Be to, nustatyta, jog lankstant metapavirsiy, Gauso pluosto forma
nekinta.

5. Pademonstruota, jog i§ lankscios nertidijancio plieno folijos pagaminti
metapavir$iai su invertuotais padalinto ziedo rezonatoriais yra tinkami naudoti
poliarizuotam teraherciniam vaizdinimui.

6. Parodyta, jog i$ silicio pagaminty Airy leSio ir zoninés plokstelés
derinys suformuoja nedifrakcinj ir neparaksialinj Airy pluosta, sklindantj
paraboline trajektorija, ir gali gerokai pagerinti signalo ir triukSmo santykj nuo
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570 iki 1180, bei dvigubai padidinti erdving skiriamajg geba (1,61), lyginant
su vienu Airy leSiu, generuojanciu besipleciantj ir uzsilenkiantj Airy pluosta.

7. Pademonstruota, kad Airy pluostas suteikia galimybe vaizdinti, kai
vaizdinimo sistemoje yra dalinai blokuojamas krintanti spinduliuoté.
Parodyta, jog net ir uzdengus 60 % Airy l¢Sio ploto, gautas rySkus ir aiSkus
vaizdas, kurio kontrastas siekia iki 30 (s.v.), o erdviné skiriamoji geba yra
3,2h. Tuo tarpu Airy IgSio ir zoninés plokstelés derinys smarkiai pagerina
skiriamajg geba, kurios verte siekia 1,6\.

8. Parodyta, jog struktiirinés Sviesos Airy pluostas suteikia galimybe
jvertinti optines grafeno sluoksniy savybes. [vertinta, jog Airy lgsio ir zoninés
plokstelés derinys leido pasiekti tris kartus didesnj signalo ir triuk§mo santykj
(300), lyginant su Gauso pluostu.

9. Parodyta, kad taikant dviejy ir keturiy zingsniy fazés poslinkio
metodus galima pagerinti holografiniy vaizdy kokybe¢ sumazinant
nepageidaujamo foninio triuk§mo lygj ir gaunat tikslesnj fazés atvaizdavima.

10. Pirma karta pademonstruota spalvota skaitmeniné teraherciné
holografija, naudojant keturis skirtingus - 1,39 THz, 2,52 THz, 3,11 THz ir
4,25 THz — daznius, taip iSpleCiant plony medziagy tyrimy, naudojant
terahercine spinduliuote, ribas.

Ginamieji teiginiai

1. Kartu su teraherciniu vaizdinimo metodu taikoma optiné kriivininky
koncentracijos moduliacija leidZia pagerinti gaunamo vaizdo kontrasta, todél
§is metodas gali biiti taikomas kaip bekontaktis biidas ant didziavarzio silicio
perkelty grafeno sluoksniy charakterizavimui.

2. 18 lankscios neriidijancio plieno folijos pagaminti metapavirSiai su Su
invertuotais padalinto Zziedo rezonatoriais gali biiti naudojami poliarizaciniam
teraherciniam vaizdinimui bei pluosto fokusavimui net ir esant mechaninei
deformacijai.

3. Silicio pagrindo difrakciniai optiniai elementai gali biiti pritaikyti
generuojant Airy pluosto pavidalo struktiiring neparaksialing $viesg, kurios
savybé sklisti erdvéje paraboline trajektorija gali buti taikoma vaizdinant
objektus, esancius uz terahercinei spinduliuotei neskaidrios klifities.

4. Terahercinése vaizdinimo sistemose atliekant plony grafeno
sluoksniy vaizdinima, struktiiriné teraherciné Sviesa kontrasto ir erdvinés
skiriamosios gebos atzvilgiu yra pranasesné uz jprastg Gauso pluosta.

5. Skaitmeniné teraherciné holografija, naudojanti dviejy ir keturiy
zingsniy fazés poslinkio metodus, leidZia sumazinti nepageidaujamag foninj
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triuk8ma ir tokiu biidu pagerinti vaizdy ir jy rekonstrukcijy kokybe, lyginant
su vieno zingsnio terahercinés holografijos metodu.

Autorés indélis

Autoré dalyvavo [P1] straipsnyje tirty optiniy elementy karime. Atliko
visus terahercinio vaizdinimo eksperimentus bei visy gauty duomeny analizg.
Taip pat dalyvavo publikacijos raSymo procese ir atliko visy rezultaty
apipavidalinimg (grafikai ir paveiksléliai).

Autoré paruosé visus [P2] straipsnyje tirtus bandinius. Atliko visus
terahercinio vaizdinimo eksperimentus bei gauty rezultaty analizg. RuoSé
publikacijos teksta bei apipavidalino visus rezultatus.

Autoré atliko [P3] straipsnyje apraSytus terahercinio vaizdinimo
eksperimentus bei gauty duomeny analiz¢. Dalyvavo straipsnio raSyme bei
apipavidalino gautus rezultatus.

Autoré atliko visus [P4] straipsnyje apraSytus terahercinio vaizdinimo
eksperimentus, bei gauty duomeny analiz¢. Paruo$é bandinius su skirtingais
grafeno sluoksniais. Dalyvavo publikacijos raSyme bei apipavidalino gautus
rezultatus.

Autoré dalyvavo atliekant [P5] straipsnyje apraSytus terahercinio
vaizdinimo eksperimentus bei analizavo gautus duomenis. Dalyvavo
publikacijos raSymo procese bei apipavidalino rezultatus.

Rezultaty apzvalga

Siekiant THz vaizdinimo sistemy kompaktiskumo, ieSkoma alternatyvy
stambiems optiniams I¢Siams ar paraboliniams veidrodziams. Puikus Sios
problemos sprendimas yra difrakciniai optiniai elementai (DOE), kurie savo
efektyvumu nenusileidzia jprastiems optiniams komponentams, negana to, yra
ploni ir kompaktiski. Taciau siekiant, jog sistema tilpty ant vieno lusto, dél
mazéjan¢iy matmeny metalizacija tampa nebetinkama, todél privalu rasti
alternatyvias medZziagas, tinkanc¢ias DOE gamybai. Viena i§ sitlomy
galimybiy yra anglies nanomedziagos, tokios kaip grafitas. Be to, DOE
dizaing galima papildyti integruotomis metamedziagomis, tokiomis kaip
kryziaus formos rezonansiniai filtrai, praleidziantis tik tam tikro daznio
spinduliuote. Siame darbe pristatyta i§ plonos grafito plévelés pagaminta
teraherciné zoniné plokstelé (TZP) su integruotais kryziaus formos
rezonansiniais filtrais. ISmatuotas grafito pagrindo TZP optinio pralaidumo
spektras yra beveik identiskas etaloniniam metalinés TZP spektrui. Taip pat,
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patikrintos grafito TZP pluosto fokusavimo galimybés ir gauta, jog, lyginant
su nefokusuotu pluostu, grafito TZP signalg pastiprino 8 kartus.

Kita anglies nanomedZiaga — grafenas — taip pat gali biiti naudojama kaip
alternatyva THz optiniy komponenty kirimui. Nors grafenas THz
spinduliuotei yra beveik visiskai pralaidus, siekiant sukurti grafeno pagrindo
difrakcinj optinj elementa, jo pralaidumas turéty biti mazesnis. Tai galima
pasiekti naudojantis optine moduliacija, kuomet aps$vietus grafeng lazeriu,
pakinta jo kravininky koncentracija, todél sumazéja ir optinis pralaidumas.
Siame darbe tiriant opting grafeno kriivininky koncentracijos moduliacija
pagaminti du bandiniai, kuomet ant didziavarzio silicio padéklo buvo
atitinkamai uzkelti vienas ir du grafeno sluoksniai. [vertintas moduliacijos
gylis sieké 42 % bandiniui su grafeno monosluoksniu ir 45 % bandiniui su
dviem grafeno sluoksniais. Taip pat, nustatyta, jog apjungiant THz vaizdinimo
metoda kartu su optine grafeno kriivininky koncentracijos moduliacija,
iSryskéja kontrastas tarp skirtingo grafeno sluoksniy skaiciaus, t.y. bandinio
su grafeno monosluoksniu kontrasto verté sieké 0.16, tuo tarpu bandinio su
dviem grafeno sluoksniais atveju kontrastas isaugo iki 0.23. Tai leidZia teigti,
jog optinés kravininky koncentracijos moduliacijos metodo kombinavimas
kartu su THz vaizdinimo sistema gali buti naudojamas kaip bekontaktis
jrankis grafeno, uzkelto ant didziavarzio silicio, charakterizavimui.

Ivairiy formy metamedziagy naudojimas gali padéti praturtinti
difrakciniy optiniy elementy panaudojimo galimybes. Siame darbe buvo tirti
1§ 25 um storio neridijancio plieno folijos pagaminti metaleSiai su lazeriu
iSpjautais invertuotais padalinto Ziedo rezonatoriais. Pastarieji suteikia
galimybe sukurti ne tik pluosta fokusuojantj, tadiau ir poliarizacijg sukantj
elementa. Bitent tai buvo patvirtinta atlikus poliarizacinj THz vaizdinima.
Negana to, pademonstruota, jog dél metalinés folijos plonumo ir patvarumo,
metalgSiai gali puikiai veikti ir taikant mechaning deformacija, t.y. lankstant
metalesj. Gauta, jog sulenkus metale$j, kai lenkimas atitinka d/L~0.72,
pluosto intensyvumas sumazéja vos 30 %. Negana to, gauta, jog deformuojant
metalesj, Gauso pluosto forma nepakinta.

Taip pat Siame darbe pademonstruota, jog THz vaizdinimo sistemoje
Jprasti optiniai I¢Siai ar paraboliniai veidrodziai gali buiti pakeisti plonais i§
didziavarzio silicio lazerinés abliacijos metodu pagamintais difrakciniais
elementais. Vienas svarbiausiy parametry THz vaizdinimo sistemose yra
pluosto forma. [prastai vaizdinimo eksperimentuose naudojamas Gauso
pluostas, taCiau pastaruoju metu vis daugiau démesio sulaukia
nedifraguojantys, tokie kaip Besselio ar Airy, pluostai. Siame darbe parodyta,
jog ant didziavarzio silicio padéklo lazerinés abliacijos metodu pagaminus
fazing kauke gaunamas optinis elementas gali suformuoti Airy pluosta,
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sklindantj i§lenkta paraboline trajektorija. Kombinuojant pastargjj elementg su
taip pat i$ didziavarzio silicio pagaminta difrakcine zonine plokstele, galima
lengvai valdyti THz spinduliuote. Nemaziau svarbu tai, jog Airy pluostas yra
savaime atsistatantis, todél susidares su klititimi, uz jos pluostas vél atkuria
savo forma iSilgai sklidimo aSies. Pademonstruota, jog §i Airy pluosto savybé,
kartu su paraboline sklidimo trajektorija gali biiti pritaikomos atliekant
bandinio vaizdinima, tarp jo ir difrakcinio elemento esant THz spinduliuotei
neskaidriai kliti¢iai. Parodyta, jog uzdengus net 60 % Airy l¢sio, gautas aiskus
bandinio vaizdas, kurio kontrastas sieké iki 30 (a.u.), o erdviné skyra 3.2A.
Tuo tarpu naudojant Airy IgSio ir zoninés plokstelés kombinacijg ir esant
tokiam pat optinio elemento uzdengimui, gautas vaizdas pasizyméjo dvigubai
geresne erdvine rezoliucija — 1.6A. Taip pat, pademonstruota, jog gautas Airy
pluostas gali buti taikomas dvimaciy medziagiy, tokiy kaip grafenas,
vaizdinimui ir charakterizavimui. Bandiniai su skirtingu (1, 2, 3, 4 ir 5)
grafeno sluoksniy skai¢iumi buvo vaizdinami naudojant jprastag Gauso pluostg
bei Airy ir zoninés plokstelés kombinacijg, kurios déka buvo sukurtas
neparaksialinis Airy pluostas. Pastaruoju atveju gautas beveik tris kartus
didesnis (300) signalo ir triuksmo santykis, lyginant su rezultatu, gautu
vaizdinant bandinius Gauso pluostu. Taigi, struktiiriné Airy Sviesa gali buti
naudojama mazg sugertj turinéiy objekty vaizdinimui ir bekontak¢iam grafeno
sluoksniy jvertinimui.

Vaizdinant maza sugertimi pasiZymincias medziagas, pranasumg turi
skaitmeninés THz holografijos metodas, leidziantis jraSyti ne tik amplitudés,
bet ir fazés pasiskirstymo informacijg ir tokiu biidu atkurti trimacius vaizdus.
Siame darbe pademonstruota, jog atkuriamo vaizdo kokybeé gali biti pagerinta
THz holografijoje taikant dviejy ir keturiy Zingsniy fazés poslinkio (PS)
metodus, kurie paSalina nereikalingus foninj triuk§mg sukeliancius
komponentus. Parodyta, jog keturiy zingsniy PS metodas gali padéti
tiksliausiai nustatyti fazés pokycius ir yra tinkamesnis tiriant maza sugertimi
ar dideliu pralaidumu pasiZymincius objektus.
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Abstract: Flexible materials for applications in terahertz (THz) range imaging systems are
investigated in this study. THz time-domain spectroscopy and THz imaging at 0.6 THz frequency
are used to analyze optical properties of zone plates (TZP) with integrated cross-shaped filters,
which are fabricated using direct laser writing on thin graphite, HB pencil-shaded graphite on
paper, as well as reference metal-based and pure paper zone plates. Spectral features and focusing
power comparable to the best metal-based TZP is achieved with graphite-based TZP. The pure
paper and paper with pencil-shaded graphite TZPs showed increase in focusing power by a factor
of ~1.5, supporting numerical 3D finite-difference time-domain simulations. The findings show
that graphite-based TZPs can serve as a flexible, compact, and inexpensive optics elements for
emerging THz imaging systems.

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

1. Introduction

Rapid evolution in terahertz technology [1], in compact solid-state THz emitters [2] and detectors
[3,4] necessitates the search for ways to reduce the size of passive optical components. It is also
desirable that such components are easy to integrate and align, while maintaining the systems
mechanical reliability as well as reasonable costs. Metamaterials are a promising avenue as they
allow to redesign bulky optical elements into thin and planar components with a wide range of
optical properties [5]. Many applications of THz imaging require that packaged materials can be
resolved and recognised without performing a full spectroscopic imaging [6,7], which entails
recording of images at fixed THz frequencies that are known or selected a priori [8,9].
Terahertz zone plates (TZP) designed with cross-shaped filters, which permit shaping and
focusing of the THz beam for imaging at selected frequencies, were proposed by several groups
earlier [10,11,12,13]. The TZPs are compact focusing elements for handling of THz radiation
beams and can be used in THz imaging systems with broadband source in case of imaging when
only one particular frequency related to the material’s fingerprints is needed to record the image.
Innovative structures adding tunability of optical properties into compact optical elements can be
provided by microelectromechanical systems (MEMS). One such example is a MEMS switch
placed across a slit of a split ring-resonator (SRR), which acts as a switchable metamaterial
with tubable frequency [14]. Another proposed design is based on origami containing periodic
patterns of SRRs placed on different surfaces [15]. When the folding parameter is varied in
these systems, the gap between the rings and hence the capacitance of the resonators is altered
inducing a shift of the resonance frequency. Mechanically tunable components can be also
achieved via programmability platform based on nonflat-foldable origami by employing its
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intrinsic self-locking and reconfiguration capabilities [16] or by combining nonlinear mechanical
elements with a multimodal architecture enabling a sequence of topological reconfigurations
[17].

In this work, we extend the family of mechanically tunable materials by adding optical
metamaterials based on flexible thin films. The approach can be found amenable for on-chip
designs in integrated photonics and useful in development of origami-principle based optical
solutions for compact THz imaging systems. Its particular role can be attributed in biophotonic
THz applications, where the mechanical flexibility can reduce strongly the elastic mismatch
between biological tissues and photonic components, enabling their conformal integration on
curvilinear tissue surfaces.

More specifically, we explore the optical properties of flexible materials shaped in zone plates
with integrated filters and produced from three different materials: 10 pm thick graphite foil,
thin graphite layer deposited by HB graphite pencil on 100 pm paper sheet, and a pure paper
serving as a reference for the TZP fabrication technology. THz time-domain spectroscopy and
THz imaging techniques performed at 0.6 THz frequency revealed distinctive spectral features
and an excellent focusing performance indicating advantages of the graphite-based TZP. This
provides an inexpensive and flexible compact THz focusing element alternative to the metal foil
or metal evaporation-based technological approaches.

2. Designs of flexible terahertz zone plates and experimental set-ups

In order to investigate new flexible diffractive optical components, TZPs made of three different
materials with integrated cross-shaped filters were tested and compared to a reference metal zone
plate. The metal zone plate had an identical design as the other materials used for the 0.6 THz
frequency imaging with focal length of 10 mm. The TZP geometry is displayed in Fig. 1(e).
The metallic reference zone plate was made from 30 um thick steel foil. The second zone plate
was made from 10 pm thick graphite foil (g,=12), which was deposited on a 75 pum thick plastic
polyester film (g,=2.6), since thin graphite is a soft and non-free-standing material. The graphite
film was acquired from “Shenzhen Zhenxing Technology Co., Ltd”. The third zone plate was
made from a thin graphite layer produced by shading HB graphite pencil on a 100 pm thick paper
sheet (£,=2.31) [18]. The fourth zone plate was made from a 100 pm thick paper sheet and also
served as reference.

All the TZPs, shown in Fig. 1(a)—(d), were produced using a laser direct writing (LDW)
system equipped with high precision polygon scanner (LSE170 from Next Scan Technology) and
translation stage (PRO115 from Aerotech).

Zone plates on the pure paper and paper with a graphite layer were fabricated using the 3rd
harmonic (355 nm) of picosecond laser Atlantic-60 (1 MHz, 1064 nm, 10 ps, Ekspla). Laser
beam was scanned at 1 mm/s, with 0.2 um pulse pitch using 10 um diameter laser spot, and 12
J/em? laser irradiation fluence. Each scan was repeated 5 times. Paper samples were placed on
another paper sheet and held on the sample holder by a vacuum suction. Paper sheet below the
sample helped to avoid excessive charring of the paper cut due to the ablation of the metal sample
holder. The zone plate on a graphite layer on a plastic substrate was fabricated using 1 mm/s,
0.2 um pulse pitch, 10 um diameter laser spot, 12 J/cm? fluence, and 3 scans.

Figure 1(f) shows Raman spectroscopy of 10 um thick graphite film (black line) and 75 pm
plastic film (red line), which served for fabrication of the graphite TZP. In the Raman spectrum
of the graphite film, the line at 1744cm™! can be attributed to —C = O vibration, while 3239 cm™!
presents —N-H line. One can also see distinct lines in Raman spectrum of the polyester plastic
film ascribed to —C = O (1721cm™"), C =C (1608, 3075 cm™!) and CH3 (2959 cm™!) vibrations.

Two different set-ups were employed to investigate spectral properties of all four different
zone plates. The THz time-domain spectroscopic measurement was performed by the Teravil-
Ekspla “T-SPEC” THz Time Domain Spectrometer (THz-TDS) (set-up presented in Fig. 2(a).
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Fig. 1. Photos of the quarter of TZP made from different materials: a) metal; b) graphite
foil; ¢) graphite on paper and d) paper. Inset depicts the shape of one cross-shaped aperture
element. Photos were taken using “Hyrox KH-7700 digital microscope. ) Design of the
graphite foil terahertz zone plate for 0.6 THz and geometry of cross-shaped filters (M =40
um, K=260 um, L =290 um). f) Raman spectroscopy of 10 um graphite film and 75
um polymer film. Most pronounced spectral signatures in plastic: -C=0 (1721cm™1),
C=C (1608, 3075cm™!) and CHj (2959 em™!). The N-H amine vibration line around
3300-3400 cm™!, it is not prominent, likely due to overlapping with characteristic bands of
absorbed water in the same region.

Femtosecond laser (Toptica, Femtofiber Pro) providing pulses of 780 nm wavelength, 90 fs pulse
duration and 150 mW output power at 80 MHz pulse repetition rate was used for photoconductive
antennas made from LT-GaAs excitation. The delay line was based on 10 times per second
moving hollow retro-reflector with 120 ps time window what corresponds to ~8 GHz spectral
resolution. A set of two parabolic mirrors was used to focus end effective collection of THz
radiation. In the focus point diameter of THz beam was ~ 2 mm. THz signal was detected by
the digital signal processing (DSP) card integrated into electronic module with analog-digital
converter (ADC) [19].

BS _P1 "t
fs laser F N\ THz  Terahertz
e c?(l,(l):)l( Emitteréj\ Detector_zone plate Lens
I N p M2 | THz Source
- TZP
Fast I M5 Z 9
delay
q M4
line Detector
vy X
M7 P2 76
a) b)

Fig. 2. a) THz-TDS set-up for evaluation of spectral properties of investigated zone plates
[20], b) THz-CW set-up for evaluation of TZP focusing performance and THz beam profile
measurements in the focal (xy) plane and along the z-axis, (zy) plane.
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The second set-up was used to evaluate the focusing performance of zone plates and was based
on a THz continuous wave (THz-CW) 0.6 THz electronic source (Virginia Diodes, VDI). It
consisted of high-density polyethylene (HDPE) lens and a THz detector (titanium microbolometer
[3]). The beam profile was recorded in both the focal plane and along the z-axis (set-up
presented in Fig. 2(b)), modulating the source electronically at 1 kHz frequency and detecting
the microbolometer-induced signal with a lock-in amplifier.

3. Results and discussion

Zone plates transmission spectra were obtained using THz-TDS (Fig. 3). All the spectra given
in Fig. 3 are normalized to the unfocused beam values [21]. As the studied TZPs are based
on very different materials, we introduced the following procedure to quantify the quality of
their focusing performance. The transmittance of the radiation is divided into two zones: the
first one (center zone) includes transmittance, which was calculated by integrating area of 2 mm
radius from the TZP center. The second zone (peripheral zone) was defined from the average of
the transmittance where it decreases two times, and was evaluated by integrating the remaining
part of the TZP area. These zones are indicated by the red line (center zones, where the signal
intensity is the highest), and the black line (peripheral zone). The choice of this approach is
based on the consideration of the maximum contrast in the metal foil-based TZP.
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Fig. 3. THz-TDS transmittance spectra and insets depict THz-CW two-dimensional THz
beam profiles focused with a) metal TZP; b) graphite foil TZP; c¢) graphite on paper TZP;
d) pure paper TZP. The beam cross sections at the maximum intensity are presented in a
linear scale as a solid black line for each case. Maximum signal amplitude of the TZPs is
normalized to the maximum amplitude of the unfocused beam.

As one can see, spectra of metallic and graphite foil are quite similar in terms of the spectral
shape, although the maximum amplitude in the latter is 18% smaller than the reference. A closer
look at the resonance frequency shows that the graphite foil spectra is red-shifted to 0.48 THz,
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in comparison to the metal one (Fig. 3(b)). Although the design of zone plates was the same,
the dimensions of cross shaped filters were slightly smaller than designed (Table 1) due to the
fact that the laser cutting parameters were kept constant in both cases, whilst the materials being
processed were different. The smaller crosses induced blue-shift of the resonant frequency,
fr=c¢/(1.8-K—1.35-M+0.2- L), which for graphite foil TZP amounts to 0.64 THz. However, the
plastic film under the graphite layer red-shifts the resonant frequency due to its lower refractive
index (n) of dielectric r = 4/2/(n? + 1), which is in contact with the zone plate [22]. Taking into
account that for plastic n = 1.61, the frequency shifting factor » = 0.75, and, as a consequence, the
resonant frequency of graphite foil TZP is red-shifted to 0.48 THz. Spectra of the graphite on
paper TZP and the pure paper TZP (Fig. 3(c, d)) reveal no resonances around expected 0.6 THz.
Moreover, they are relatively smooth over the whole investigated range. The central part and
peripheral parts do not keep constant transmission ratio due to the non-uniform coverage of the
graphite by pencil. More details on the transmission properties can be found from the results of
THz-TDS and THz-CW given in Table 2.

Table 1. Dimensions of cross-shaped filters

Materials |Geometry M (um) K (um) L (um)
Design 40 260 290
Metal TZP 39 258 298
Graphite foil TZP 35 252 297
Graphite on paper TZP 32 251 300
Pure paper TZP 39 259 299

Table 2. Transmittance of different zone plates measured using THz-TDS and THz-CW systems

Sample Transmittance (%)
THz-TDS THz-CW
Central zone Peripheral zone Central zone Peripheral zone
Metal TZP 26 12 23 14
Graphite foil TZP 11 5 11 6
Graphite on paper TZP 25 25 25 24
Pure paper TZP 27 26 29 27

Insets of Fig. 3 present experimental two-dimensional THz beam profiles in the focal plane of
THz-CW imaging system at 0.6 THz frequency. The intensities are calibrated to the unfocused
beam intensity. Solid black lines represent the beam cross sections at the maximum intensity.
As expected, the best operation is manifested by the metallic TZP. The flexible graphite foil
TZP demonstrates focusing by increasing the signal by a factor of ~8, as compared to the
unfocused one. Graphite on paper and pure paper zone plates exhibit poor focusing properties
with enhancement factors of 1.5 and 1.3, respectively.

To complete the physical picture and evaluate operational performance, the beam profiles
along z-axis were studied by comparing experimental beam profiles (symbol line) with theoretical
simulations of the electric field E,/E ratio distribution (straight line), where Ey is incident
electric field taken to be equal to 1. Results are depicted in Fig. 4. All investigated TZPs reveal
well expressed resonances at the focal point, i. e. at 10 cm from the zone plate, followed by
Fabry—Perot oscillations due to interferences between the collimating lens and the studied TZPs.
It is also evident that the experimental results are well reproduced by the simulation data. The
most pronounced resonance is achieved with the metal TZP, while very similar performance can
be attributed to the graphite foil-based TZP. To further analyse the profiles, a pure graphite sheet
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of 10 um thickness (without plastic foil as support) was modelled. It shows that the graphite foil
operates more effectively than the graphite foil with plastic - the focusing effect is more than
twice higher in the former.
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Fig. 4. a) Experimental results (symbols + lines) of the beam profile (left scale) and
theoretical calculations (straight lines) of the normalized squared electric field (right scale)
distribution along z-axes. Inset depicts FWHM variation along the z-axis for the beam
focused with all investigated TZPs. (b-d) The beam profile along z-axes (zx-plane) focused
with: b) graphite foil TZP, c) graphite on paper TZP, d) pure paper TZP.

It is interesting to note that the pure paper TZP also manifests some focusing performance. As
it can be seen from Fig. 4(a), the signal in pure paper TZP increases by a factor of 1.3 in the
focal plane, as compared to the unfocused beam, and the experimental data fits well with the
modelling results. Graphite added on the paper by the HB pencil shading increases the focusing
effect by about 15% with respect to the pure paper TZP. Thus, by adding the focusing TZP with
integrated filters one can extend the range of paper applications to design and production of large
scale inexpensive THz photonics components, such as paper THz wave plates [23] and aberration
corrected paper-based lenses for low-frequency THz radiation [24,25].
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Since the spatial beam quality is of particular importance [26], its Gaussian profile was checked
recording 2D plot of the emitted beam. To estimate the focusing parameters, full width at
half maximum (FWHM) of the Gaussian beam along the z-axis was measured for all TZPs by
approximating them as Gaussians. The results are shown in inset of Fig. 4. It can be observed
that FWHMs of the graphite foil and metal TZPs are relatively narrow and varies negligibly
along the z-axis. In contrast, the FWHM of pure paper and graphite on paper TZPs suffer drastic
spreading when moving away from the focal point.

Using experimentally obtained data, focusing parameters such as beam waist (wg), Rayleigh
range (zg), focal depth (b), beam angular spread (6), and numerical aperture (NA) were evaluated.
Estimates are given in Table 3. It is seen that the THz beam, focused with graphite foil zone
plate displays only a 7% wider beam waist than the reference metal TZP. One can note that other
parameters of both these TZPs also look quite similar. However, comparison of pure paper and
graphite on paper based TZPs implies the important fact that the addition of only few microns of
graphite strongly affects the parameters of the TZP: wq, 6 and NA were estimated to be more
than twice smaller for graphite on paper-based TZPs than the pure paper one. Concerning the
Rayleigh range (zg) and the focal depth (b), the difference is more than four times. Therefore,
one can infer that even a few microns thick layer of graphite can significantly affect the TZPs
focusing performance. This is also illustrated in Fig. 4(b—d), where the beam profiles of graphite
foil TZP, graphite on paper TZP, and pure paper TZP are presented.

Table 3. Gaussian beam parameters

wo (mm) Zr (mm) b (mm) 9(°) NA
Metal TZP 0.48 14 2.8 20 0.343
Graphite foil TZP 0.52 1.64 3.28 18 0.316
Graphite on paper TZP 0.71 3.06 6.12 13 0.232
Pure paper TZP 1.51 13.9 27.8 6 0.109

To complete the picture, numerical 3D simulations were performed to elucidate the graphite
foil, graphite on paper, pure paper-based TZPs, and the metal TZP (Fig. 5). Steel has been chosen
as a perfect electrical conductor, paper as a material with permittivity of £,=2.31, graphite with
electrical conductivity of 1-10° S/m and &,=12 and loss free polyester plastic with £,=3.5. To
model the wave propagation through the cross-shaped apertures, 3D finite-difference time-domain
(3D FDTD) method was employed. Simulation grid, corresponding to the 16.5 X 16.5 x 12
mm? volume in x, y, z directions respectively, was set-up with grid sizes 4x = Ay = Az =38 ym.
In order to reduce the computational load, symmetry conditions of the structure were used to
simulate only quarter of the zone plate, and absorbing boundary conditions were applied.

Figure 5 illustrates the calculated distribution of the electric field near the zone plates made of
different materials. The transmitted plane wave is found focused in the focal spot of the TZP
located at 10 mm.

Comparison of the plots in panels (a) and (b) in Fig. 5 indicates similar focusing abilities
of graphite foil TZP and the metal one. Figure 5(c) displays the focusing performance of pure
paper zone plate and the graphite on paper TZP. The focal points of both TZP overlap, thus,
the focusing intensity is estimated theoretically. For pure paper and graphite on paper TZP the
focusing intensity is increased by 1.3 and 1.5 times, respectively, as compared with the unfocused
beam, and these values agree well with experimentally obtained data.

Therefore, one can presume that graphite-based THz zone plates can provide rational flexible
and compact solutions for design of passive optical elements in THz imaging systems. Graphite is
a unique material manifesting metal and non-metal properties, it is also disposable, eco-friendly
and cheap, and these advantages forms a new dimension for production of diffractive optical
components [27].
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Fig. 5. Simulated distribution of electric field amplitude behind the a) metal TZP, b) graphite
foil TZP, c) graphite on paper and paper TZPs — both focal points overlap; the increase in
intensity of graphite on paper TZP is 15% higher than that of the paper alone.

4. Conclusions

Flexible graphite-based THz zone plates with integrated cross-shaped filters were demonstrated
for compact optics in THz imaging systems. 3D finite-difference time domain method was
employed to design the zone plates which were fabricated using direct laser writing technique.
Flexible zone plates were produced from 10 um thick graphite foil, thin graphite layer made by
HB graphite pencil on a 100 pum thick paper sheet, and a pure paper sheet. The performance
of zone plates was investigated using THz time-domain spectroscopy and THz imaging at 0.6
THz frequency. It was found that the graphite-based zone plate displays frequency features and
focusing operation with a quality that nearly matches the metal-based zone plate. The graphite on
paper and pure paper zone plates can increase the focusing by a factor of 1.5 and 1.3, respectively,
as compared with the unfocused beam. The observed experimental data was supported by
3D finite-difference time domain method numerical calculations. The findings suggest that
graphite-based THz zone plates can provide an inexpensive alternative to metal-based elements
for design of passive optical elements in THz imaging systems.
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ABSTRACT

It was demonstrated that optical modulation together with simultaneous terahertz (THz) imaging application enables an increase in
contrast by an order of magnitude, thereby illustrating the technique as a convenient contactless tool for characterization of graphene
deposited on high-resistivity silicon substrates. It was shown that the single- and double-layer graphene can be discriminated and character-
ized via variation of THz image contrast using a discrete frequency in a continuous wave mode. Modulation depth of 45% has been
reached, and the contrast variation from 0.16 up to 0.23 is exposed under laser illumination for the single- and double-layer graphene,
respectively. The technique was applied in the development and investigation of graphene-based optical diffractive elements for THz

imaging systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074772

1. INTRODUCTION

Rapid evolution of terahertz (THz) technology and imaging
evolving into a broad range spectrum of applications’ stimulates an
intensive search for new solutions in design and fabrication of
convenient-in-use imaging systems. As a rule, preferences are given
to compact or portable systems, preferably free of any optical align-
ment and containing only room temperature operating compact
emitters and receivers coupled together with flat optical elements.
The latter can be fabricated, for instance, using metamaterials,”’
either high-resistivity silicon-based diffractive optics’ or 3D printed
optical components.”

Due to its exceptional optical properties, graphene can be
assumed as one of the most promising materials for THz and infra-
red passive optical components fabrication, i.e., modulators, tran-
sistors, etc.,”’ where contactless tuning is strongly preferred.
However, for this kind of applications, high quality of the material

is strongly preferred; therefore, contactless characterization gains
particular attention. !
Since pristine graphene is nearly transparent for THz radia-
tion, it needs to be doped through any external force, i.e., either -
electrically driven or optically excited, aiming to make it effectively
operating as a functional optical element. As a rule, such an
approach of graphene modulation in a transmission mode requires
substrate transparent for THz radiation; i.e., undoped silicon and
germanium can be a suitable choice.”'’ More detailedly, these
studies were concentrated on single-layer graphene placement and
investigation on these substrates under illumination of relatively
high laser power reaching 400 mW in the case of germanium'’ and
40 mW in the case of silicon.” One can note that the modulation
depth was estimated to be of 94% and about 70%, respectively. In
the development of compact systems, preferences are given to small
powers for modulation; therefore, the modulation depth
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dependence on the laser power attains a special focus of explora-
tion. It is worth noting that photomodulation depth vs the incident
laser power was investigated, and the estimated values were found
to be around 7% at 25 mW’ and about 45% at the same power
level.*

In this work, the potential of the graphene optical modulation
technique was extended via its application in THz imaging,
enabling thus characterization and discrimination of both the
single- and double-layer graphene in a contactless way. It was
shown that such a technique allows an increase in the contrast in
an order of magnitude, indicating that it can serve as a convenient
contactless tool for characterization of graphene deposited on high-
resistivity silicon substrates. The optical excitation power was kept
to 25mW, and the modulation depth of 42% was reached for
single-layer graphene and 45% for double-layer graphene. A strong
increase in the THz image contrast, up to 0.16, for the single layer
graphene and 0.23 for double-layer graphene under optical excita-
tion demonstrates the ability of THz imaging in contactless charac-
terization and discrimination of graphene layer quality. This
technique can be found useful in fabrication of graphene-based dif-
fractive optical elements for THz imaging systems and on-chip
designs in integrated photonics.

Il. SAMPLE CHARACTERIZATION

To investigate optical modulation of graphene, two types of
samples based on single-layer and double-layer graphene structures
were fabricated on a high resistivity 460 um thick Si substrate. Both
samples—single- and double-layer graphene—were produced using
commercially available CVD graphene (“Graphenea”) grown on a
copper substrate and covered with ~60 nm thick PMMA. To place
CVD graphene on an Si substrate, the “classical” wet transfer tech-
nique'’ was used. According to the standard procedure, after
copper etching and washing with distilled water, the graphene/
PMMA structure was transferred on an Si substrate and then
annealed at 130°C. To remove the PMMA layer, the chloroform
solution was used. In order to fabricate the samples with a double-
layer graphene structure, the same technique was repeated. A newly
produced graphene/PMMA unit was deposited on top of the
obtained graphene monolayer on the Si substrate. Then, the
polymer was removed.

The quality of obtained samples was estimated by Raman
spectroscopy. The measurements were carried out with a Renishaw
inVia Raman spectrometer equipped with a thermoelectrically
cooled (—=70°C) CCD camera. All the spectra were recorded using
532 nm laser excitation. To avoid laser-induced sample heating, the
average power on the sample’s surface was set below 2.3 mW. The
OLYMPUS LCPlan N 50/0.65 NA objective was used to collect
Raman spectra signals. The exposure time was 10's, and each spec-
trum was collected per 10 scans, yielding total 100 s time accumula-
tion. The Raman frequencies were calibrated using the polystyrene
standard ASTM E 1840 spectrum. The relative intensities of the
Raman signal (instrument response function) were calibrated by
using luminescence of NIST Intensity Standard SRM 2241. For the
imaging, the xy piezo stage was used.

The Raman spectra are shown in Fig. 1(a). As one can see,
characteristic peaks of graphene are clearly visible. For single-layer
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graphene, the D peak is located at 1337 cm™!, the G peak at
1583 cm ™!, and the 2D peak at 2673 cm™~!. The D mode is caused
by a disordered structure of graphene. In this case, the intensity
ratio of I(D)/I(G) = 0.3. The small ratio of D and G peaks indi-
cates high order in the system and thus good quality of graphene.
This also correlates well with higher carrier mobility.'” For double-
layer graphene, the D peak is visible at 1346 cm™!, the G peak at
1581 cm™, and the 2D peak at 2686 cm™. The D peak is also very
weak I(D)/I(G) = 0.2, which implies on a good quality of gra-
phene. The G band position, intensity, and its shape are very sensi-
tive to the doping level and the mechanical strain, which can be
related to the interaction with the Si substrate. Since the G and 2D
bands depend differently on graphene doping,"”’ the evaluation of
the 1(2D)/I(G) ratio is not suitable in our case.

Addition of the second graphene layer increases full width at
half maximum (FWHM) of G and 2D peaks. For single-layer gra-
phene, the FWHM of the G peak is 19.2cm™!, while FWHM of
the 2D peak is 29.0 cm ™. For double-layer graphene, the FWHMs
of G and 2D peaks are 21.6 cm ! and 40.9 cm ™!, respectively. As
expected, adding of the second layer of graphene causes the 2D
band splitting into the overlapping modes. It also causes the

FWHM of 2D peak widening by 41%."" In addition, the central
position of the 2D peak shifts to a higher wave number. After dep- .

osition of the second graphene layer, it has shifted by 13cm™! as

with the increase of the number of layers, the 2D peak shifts to a
higher wave number."”

Furthermore, from the comparison of Raman spectra collected -
from the areas corresponding to the single and double graphene -

(the measurements have been done on one sample), it can be con-

cluded that the intensity of the G mode increased up to two times -

after transferring of the second graphene layer on top of the first
one (data are not presented). This result is in a good agreement
with the principle that the Raman intensity of the G mode
increases almost linearly with the increasing graphene layer
number until approximately ten layers.'” In both Raman spectra, D
+D” bands are observed at 2450 cm™~!. These lines are associated
with the emission of two phonons in the structure.'” These results
confirm that both samples display good graphene quality, and they
show that additional layer of graphene gives expected Raman spec-
tral properties of monolayer graphene.

To check the quality of the whole graphene layers, the Raman
mapping has been performed. The measurements were carried out
with a WITec alpha300 R Raman spectrometer equipped with a ther-

moelectrically cooled (—60°C) CCD camera. All the spectra were .

recorded using 532 nm laser excitation. The average power on the
sample’s surface was set around 6 mW. The ZEISS EC Epiplan
Neofluar 100x/0.9 NA objective was used to collect Raman mapping
signals. The integration time was 0.5s, and 50 spectra per line were
collected. The Raman frequencies were calibrated using the polysty-
rene spectrum. For the imaging, the xy piezo stage was used.

Raman maps of the intensity of G and 2D modes for samples
with single- and double-layer graphene, respectively, are shown in
Figs. 1(c) and 1(d). A small variation in the intensity distribution of
both modes and the absence of the D mode (data are not presented)
indicate high uniformity of transferred CVD graphene. It was first
demonstrated'” that the effect of the mechanical strain and charge
doping can be optically separated from each other by correlation
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FIG. 1. (a) Raman spectra of single and double graphene layers. The intensity was normalized to G peaks for each sample. The spectra were excited by 532 nm laser
limiting its power to 2.265 mW. (b) 2D and G peak frequency distribution for single-layer graphene. 2D and G peak mapping for (c) single-layer graphene and (d) double-

layer graphene.

analysis of the frequency position of G and 2D modes. The plot
demonstrates the distribution of wg and w,p obtained across a
single graphene layer, as shown in Fig. 1(b). Red and black dashed
lines corresponding to the directions in which the variation due to
doping and mechanical strain are considered to be constant as well
as zero point (1581.6 + 0.2cm ™!, 2676.9 + 0.7 cm ') were added
for clarity. As one can see, due to interaction with oxygen environ-
ment, the single graphene layer on an Si substrate is affected by hole

doping. On the other hand, the interaction with an Si substrate can
explain the observed mechanical strain of the graphene layer.

IIl. TERAHERTZ EXPERIMENTAL SETUPS

Three different setups were employed in the experiments. The
continuous wave (CW) frequency-domain THz spectrometer
(Toptica TeraScan 780) in transmission geometry used to
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investigate properties of optically excited graphene in the THz fre-
quency range is presented in Fig. 2(a). The emitted THz radiation
is collimated by the first parabolic mirror (PM) and focused on the
sample by the second PM. The beam spot diameter at the focal
point of the second PM is 2 mm. Then, the transmitted beam again
is collimated by the third PM and focused onto the detector by the
fourth PM.

The THz mapping of graphene-based samples with and
without optical excitation was recorded using a THz-CW imaging
system [Fig. 2(b)], which provides additional information about the
amplitude of the transmitted signal and its distribution along the
sample surface. The THz-CW imaging system is based on a
0.3THz electronic source (Virginia Diodes, VDI-175T) and
includes the high-density polyethylene (HDPE) lenses and the
antenna-coupled titanium microbolometer'” as a THz detector

a) Frzquency [ DFB Laser1 |[ DFBLaser2 | Frzquency
and power and power
control [ ] L control

Tapered
Amplifier

Source Detector

PM3

Lens

Source
PM3 PM4

]
laser o

Detector

PM1 y] PM2 PM5
X

FIG. 2. (a) THz spectrometer setup (PM1-PM4d—parabolic mirrors). (b) THz
continuous wave THz imaging setup in transmission geometry (M, mirror; PM1-
PMS3, parabolic mirrors).
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with an aperture of 2 mm. The imaging was recorded by electroni-
cally modulating the source at 1kHz frequency and detecting the
microbolometer-induced signal by a lock-in amplifier.”’ Two
crossed motorized translation stages were used to move samples in
the x-y directions perpendicular to the incident THz beam, where
the diameter in the focal point is 3 mm.

To evaluate the variation of the dynamic graphene conductiv-
ity, spectroscopic measurements were performed using a
Teravil-Ekspla ~ T-SPEC  THz  time-domain  spectroscopic
(THz-TDS) system based on a femtosecond laser (Toptica
TeraScan, Femtofiber Pro). The system provides pulses of 780 nm
wavelength, 90 fs pulse duration, and 150 mW output power with a
80 MHz repetition rate. Photoconductive antennas based on low-
temperature grown GaAs were used for the emission and detection.
The fast delay line was based on 10 times per second moving
hollow retro-reflector with a 120 ps time window corresponding to
8 GHz spectral resolution. The diameter of the focused beam was
2 mm. The THz signal was detected by the digital signal processing
card integrated into the electronic module with an analog-digital
converter.

During all the experiments, the optical modulation was driven
by a 666 nm continuous wave laser with a power of 25 mW and a
beam spot diameter on the sample surface of 3 mm. The principal .
scheme is presented in Fig. 3(a).

IV. RESULTS AND DISCUSSION

It is known that pristine graphene has a cone-like band struc- -
ture, where its Fermi level is at Dirac’s point [Fig. 3(b)].”" Control
of the electric conductivity can be done via tuning the Fermi level .
by doping graphene chemically, electrically, or optically.”” Because
of this cone-like band structure, density of states (DOS) of gra-
phene is zero; therefore, when charge carriers are generated on the
surface of graphene, Fermi energy rapidly increases or decreases
depending on the p- or n-type of doping [Fig. 3(b)]. For smaller
energies (IR or THz ranges), Fermi energy determines the optical
conductivity of graphene.”**

In this work, we used optical modulation induced by a pump
laser. Since graphene’s band structure is linear, optical absorption
is independent of the excitation wavelength.

Transmission spectra of all samples were obtained using a
THz spectroscopy system, and for each sample, it was measured
twice—with and without laser illumination [Fig. 4(a)]. As one can
see, transmittance varies due to the Fabry-Pérot interference and .
decreases under photoexcitation. Moreover, for samples with gra-
phene, transmittance reduction is higher than that for pure Si. It is
supposed that the optical injection of carriers generated by light
absorption in Si is responsible for this effect. In the case of free-
standing graphene, this modulation effect can be inverse because of
the optical pumping, which increases the number of carriers and,
consequently, the Drude absorption.”

The optical excitation was done by the pumping laser with
A = 666 nm, and the penetration depth &, in Si for this particular
wavelength is 8 um. Since the total thickness of Si was 460 um, J,
is relatively shallow and indicates that carriers generated under
photoexcitation can easily be transferred to the graphene layers.
Since graphene exhibits higher carrier mobility than Si, it causes an
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FIG. 3. (a) Principal scheme of the experiment. THz radiation and pumping laser beam overlapping at the sample surface. (b) Graphene band structure before and under

laser illumination.

increase in electrical conductivity. According to (1) formula, higher
conductivity results in reduced transmittance,”

Tyysi _ ntl )
Tg  n+4 1+ Zo(w)’

here, Tyy/s; is transmittance through graphene on an Si sample, Ts;
is transmittance through an Si substrate, n = 3.42 labels a refractive
index of the substrate, Zy = 377 Q is impedance of free space, and
o(w) denotes complex conductivity of graphene.

By adding the second layer of graphene, mobility of trans-
ferred free carriers increases, inducing thus a conductivity increase
and, consequently, higher reduction in THz transmittance.
Additionally, the modulation depth for all the samples was esti-
mated by evaluating transmittance with and without photoexcita-
tion using (2) and shown in the inset of Fig. 4(b),

Tywjo — T,

M= /. 100%; @

W/o

here, M is the modulation depth, T/, labels transmittance without
optical excitation, and T\, is transmittance with optical excitation.

As it was expected, the optical modulation is the weakest for
pure Si and the maximum modulation depth is 14% at 0.43 THz
frequency. Meanwhile, the maximum modulation depth reaches
42% for the single graphene layer and 45% for two graphene layers
at 0.36 THz frequency.

Moreover, the modulation depth difference between single-
and double-layer graphene is shown in Fig. 4(b). Shadows in the
line indicate a 2% systematic error in the experiment. The
maximum modulation depth difference between single and two
graphene layers is well-resolved and reaches 12 + 2% at 0.38 THz.

To evaluate a variation in electrical conductivity of graphene -
with and without optical excitation, THz time-domain spectro- '
scopy (THz-TDS) measurements were carried out in two geome- .
tries—at the normal incidence of the THz beam and at the angle '
other than normal (as an example, at 43°). Such a rotation of the
sample around the axis parallel to the component of the electric *
field of the incident THz beam is the simplest way to change
pumping laser intensity (power/surface area) at the same point.

In contrast with the frequency-domain method, the THz-TDS
technique is phase sensitive, which gwes the possibility to evaluate
the material parameters of the samples.”>”” It was demonstrated™’
that for any thin conductive film deposited on a dielectric substrate,
the transmittance can be defined using the following formula:

4-q . gidk: . p—idk. . o—idky
etk (14 B — o) - (= 1+a) +e (1 +a) - (1+Bs + )’
®)

T, =

where for an s-polarized wave, B; = o/ggcos[6], ko =w/c, -
koz = kocos[0], k. = ko\/&€ — (sin[6])%, and a; = k. /ko;. O is the
angle that is equal to 0° and 43° for considered cases.

Then electrical conductivity was calculated using Kubo’s
formula,

i-2e%kgT
“log( 2 cosh
TR (@) °g( cos {Zk TD

+—= ) -+= arct ho = 2
4h |2 2kgT
i (ho + 2u)*
—5‘108 o — 22+ 40T
0 — 2u” + 4(kgT)

oo, T,u) =

(4)
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FIG. 4. (a) Transmittance spectra of the samples with and without photoexcita-
tion. (b) Modulation depth difference between single- and double-layer gra-
phene. Shadow of the line indicates a 2% ic error in the i

The inset depicts the modulation depth of all investigated samples.

where o is the angular frequency, I' = 1/7, u denotes the chemical
potential, kg is the Boltzmann constant, T = 293 K depicts room
temperature, and # indicates the reduced Planck constant.

It can be shown that formula (3) enables characterization of
CVD graphene samples via parameter relaxation time 7 =50 fs
and chemical potential 4 = 0.09 eV. This technique allows one to
evaluate the variation of the chemical potential of the single gra-
phene layer from the value of 0.09-0.23 eV under photoexcitation
at normal incidence and from 0.09 to 0.19 eV after sample rotation
at 43°, which is in agreement with our predictions that the gra-
phene doping level depends on the pumping laser intensity. The
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FIG. 5. Re and /m parts of (a) single- and (b) double-layer graphene conductiv-
ity when the incident THz radiation is perpendicular to the sample. Re and Im
parts of (c) single-and (d) double-layer graphene conductivity when the THz
radiation is at a 43° incident angle. The black line indicates results without pho-
toexcitation and the red one with photoexcitation.

calculated Re and Im parts of the conductivity of the single gra-

phene layer before and after excitation are presented in Figs. 5(a)
and 5(c). In the case of the double graphene layers to have the best
fit with the experimental data, it was necessary to take into account
a weak interaction between the first and the second layers, which is
in good agreement with our Raman results and a small difference
in the doping level between the different graphene layers [Figs. 5(b)
and 5(d)].

In order to evaluate the spatial distribution of transmittance
changes under photoexcitation, THz imaging in transmission
geometry was employed using the THz-CW imaging system operat-
ing at 0.3 THz. Results are presented in Fig. 6. Imaging results
show that the single-layer graphene reduces THz transmittance by
5%, while the double-layer graphene reduces it up to 12%.

As it is illustrated in Fig. 4(a), the transmittance can be signifi-

cantly modulated by photoexcitation. THz imaging results confirm
that the transmittance change is minimal under photoexcitation for
a pure Si substrate. However, the situation goes into sharp contrast
when the single- and double-layer graphene is placed on the sub-
strate and illuminated by the optical pumping laser. To qualitatively
define the difference between the registered signal with and
without laser illumination, contrast was defined as
C=|(Ty — Tw/n)/Tw/|.“} The contrast is 0.16 and 0.23 for single
and double graphene layers, respectively. Meanwhile, the contrast
value for pure Si is only 0.05.

These results point out that simultaneous application of a
THz imaging technique with an optical excitation leads in well-
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FIG. 6. 2D imaging of samples recorded at 0.3 THz in transmission geometry:
without photoexcitation (a)—(c) and with photoexcitation (d)(f). The transmit-
tance scale is normalized to the maximum signal. Under photoexcitation, the
resulting contrast is 0.16 for single-layer graphene and 0.23 for double-layer gra-
phene. In (a), 1 marks the air, 2 the sample, and 3 the sample holder.

resolved changes in the image contrast; hence, the effect can suc-
cessfully be used for contactless graphene characterization and eval-
uation of the different number of graphene layers in the
investigated structure.

(] silicon B Graphene

FIG. 7. Photo of the quarter of a graphene-based zone plate. The gray area
indicates silicon, whereas the purple area depicts graphene parts.
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FIG. 8. (a) THz-CW system setup at 0.58 THz. The sample was shifted away
from the detector, starting from the first position and moved further in a 1 mm
step. (b) 2D imaging of investigated GZP. (c) Cross sections of transmitted THz
radiation through GZP at first, second, third, and fourth positions indicated in
panel (a). The evaluation is made from a 5 mm width part at the center depicted
as a white dotted line in panel (b). The yellow arrow indicates pronounced focus-
ing of the THz radiation.
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FIG. 9. Two-dimensional imaging of a graphene zone plate at 0.58 THz on an
Si substrate (a) without and (b) with laser illumination. The colored scale indi-
cates the transmitted signal normalized to the maximum value.

V. GRAPHENE-BASED THz ZONE PLATE

THz zone plates as compact focusing elements can be useful
in THz imaging systems with a broadband source when, e.g., for
spectroscopic THz imaging aims, only one particularly selected fre-
quency is needed to record the image.”"”

A graphene zone plate (GZP) (Fig. 7) was fabricated using a
graphene patterning technique, where the single graphene layer was
first transferred on the Si substrate in the same way as described in
Sec. II. Then, the PMMA layer was coated on the top of graphene
for protection. Subsequently, photolithography was performed after
which patterned photoresist served as a mask for graphene. Later,
step by step, each layer was removed until only patterned graphene
in the shape of a zone plate was left on the Si substrate.

The zone plate was designed for 0.58 THz frequency; the
diameter of the outer zone was 1 cm and the width of one stripe
was ~500 um.

To examine GZP focusing abilities, THz imaging in the trans-
mission geometry was recorded using a THz-CW system. The
setup is shown in Fig. 8(a). Here, the same electronic THz source
tuned to 0.58 THz as in Fig. 2(b) was used. The images were
recorded moving GZP in xy directions. Every full 2D scan was
repeated by moving the GZP in the z direction away from the
detector, starting from the closest (first) position and then moving
further in a 1 mm step.

Cross sections of the transmitted THz radiation were evalu-
ated along the 5mm line in the center of the beam, depicted as a
white dotted line shown in Fig. 8(b). Cross sections at all four posi-
tions are shown in Fig. 8(c). As one can see at the first, second, and
third positions, the mode cross section is smooth, about 4 mm
wide with detection amplitudes of 0.15, 0.09, and 0.12 mV, respec-
tively. At the fourth position, the profile exhibits peculiarities
expressed as a higher peak with the reduced width to 1 mm and
the increased amplitude to 0.19 mV (marked with a yellow arrow),
indicating focused radiation at the center of the zone plate.

Two-dimensional imaging of a graphene zone plate at the
fourth position with and without photoexcitation is displayed in
Fig. 9. The colored scale indicates the amplitude of the transmitted
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signal normalized to the maximum value. As it is seen in Fig. 9(a),
the transmitted signal is decreased in the zone patterned with gra-
phene. The contrast at the center in the THz image without optical
excitation is 0.44. Optical excitation changes the situation essen-
tially in increasing the contrast up to 4.17 at 0.58 THz as it is pre-
sented in Fig. 9(b). Therefore, GZP can clearly be presented in THz
imaging results. It implies that THz imaging combined simultane-
ously with optical modulation can serve as a convenient contactless
tool for characterization and discrimination of graphene layers on
silicon substrates.

VI. CONCLUSIONS

Single- and double-layer graphene was deposited on the high-
resistivity silicon substrates using a wet transfer technique. The mea-
sured Raman spectra indicated good quality of prepared layers.
Optical modulation of single- and double-layer graphene is demon-
strated with corresponding modulation depth values of 42% and 45%.
THz time-domain spectroscopy enabled one to evaluate graphene
conductivity before and under laser illumination, which exhibits an
increase in its real part of ~2.5 times for a single graphene layer and
~1.6 times for a double graphene layer. Advantages of THz imaging
with its simultaneous use of optical modulation were revealed. The -
pronounced change observed in contrast of 0.16 for single-layer gra- -
phene and 0.23 for double-layer graphene with and without laser illu-
mination allowed one to infer that THz imaging can serve as a
convenient contactless technique for characterization and discrimina- '
tion of graphene layers on silicon substrates. :
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Flexible terahertz optics: light
beam profile engineering via
C-shaped metallic metasurface
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The potential of terahertz (THz) imaging implementation in a large variety of
applications requires compact, reliable, and relatively low-cost solutions in
systems constituents. Here we focus on the development of passive optical
elements and demonstrate flexible and reliable THz beam profile engineering
for imaging aims via mechanical bending of a stainless steel-based C-shaped
metasurface. The designed and laser-ablation technology fabricated metasurface
provides compact THz focusing and enables THz light engineering as well as
polarization control ability in THz imaging. Focusing, light profile engineering, and
polarization control performances of the metasurfaces with different focal
distances and C-shape designs are presented. Experimental data are well
supported by simulations, using Finite Difference Time Domain (FDTD)
method. THz images of different objects at ~ 94 GHz using InP Gunn diode,
bow-tie sensors, and exclusively metasurfaces-based optics are exposed. Further
routes in the development of low-cost multicolor and polarization-sensitive THz
imaging are discussed.

KEYWORDS

terahertz, imaging, metasurfaces, compact imaging systems, mechanical bending, light
profile engineering

1 Introduction

Terahertz (THz) imaging technique, due to its nondestructive origin, can serve as a powerful
tool for a large variety of applications in material inspections, various security checks, or medical
scanning [1, 2]. However, in the practical implementation of THz imaging systems, particular
attention needs to be given to their miniaturization and optimization, enhanced functionality,
reduced power consumption, and increased convenience in use [3]. It requires overcoming a
number of significant obstacles related to the low power of THz emitters, the reliability of sensitive
THz detectors, and effective solutions in the design and technology of passive optical components
like mirrors, lenses, and beam splitters. As a rule, these elements are rather bulky, therefore, finding
flat optics-based solutions can create a strong basis for the development of compact imaging
systems and indicate routes for rational on-chip designs. It was demonstrated that metamaterials
[4] provide unlimited rich freedom in the design of flat optical elements to manipulate features of
electromagnetic waves starting from their propagation properties, polarization management, or
control over the dispersion of refractive indexes of materials [5-7]. On the other hand, it was
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revealed recently that THz light engineering having a strong effect on
imaging properties and quality, in appropriate beam shaping schemes
can outperform the conventional Gaussian illumination approach [8].

In the given work, flexible and reliable THz beam profile
engineering via mechanical bending of a stainless steel-based
C-shaped metasurface is presented. The designed metasurface
provides compact THz focusing, light spatial profile engineering, as
well as polarization control ability in THz imaging. To explore low-cost
solutions in THz imaging, we have restricted ourselves to the ~ 94 GHz
range relying the system on InP Gunn diode (Spacek Labs, model
No: GQ-440KS), bow-tie sensors [9], and laser-ablation technology [10]
fabricated metasurfaces. The study investigates the focusing, light
profile engineering, and polarization control performances of
metasurfaces with varying focal lengths (F = 10, 20, 30, and 40 mm)
and different widths of split ring resonators SRRs (c = 30, 60, 75, and
90 pum). Experimental data are well supported by simulations using the
Finite Difference Time Domain (FDTD) method. Terahertz images of
different objects are exposed, and further routes in the development of
low-cost multispectral and polarization-sensitive THz imaging systems
are discussed.

2 Flexible optical elements and
experimental setup

Any type of split ring resonator (SRR) relies on the principle
of the electric field generated from the dipole or quadrupole

10.3389/fphy.2023.1196726

appearing due to the charge carriers oscillating under the
influence of external electromagnetic illumination [11]. In the
case of the most popular type of SRRs, comprising conductive
periodic structure deposited on transparent material, it can be
illustrated via the dipole formation at the gap of the ring
[12]. this study, the
complementary SRR (CSRR) structure, comprising periodic

element During inverse SRR or
C-shaped openings in the conductive layer, is employed. The
dipole in these structures is formed at the opening on the
opposite side of the conductive gap [13]. One can note that
the dipole itself can be generated due to charge carrier interaction
with either separate magnetic or electric fields of the external
radiation, or both, depending on how the incident radiation is
applied [14]. In this study, the magnetic field vector was kept
parallel to the metasurface layer, therefore, no resonance due to
magnetic response can be expected, and the studied effects can be
exclusively attributed to the electric resonance [15].

In any case, any SRR element can be treated as an LC circuit.
Investigations dedicated to the derivation of the theoretical relations
that estimate the LC parameters of any SRR structure [16, 17] allow
not only to define a resonant frequency of the structure but also
indicate a large variety of resonance-related phenomena, for
instance, excitation of two resonance frequencies [18, 19] or
frequencies shifts due to peculiarities of the meta element design
[20]. The employment of the inverse (complementary) SRR
structure may be of specific interest as the Babinet principle
states that the diffraction pattern of the metasurface and its
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FIGURE 1

Metallic metasurface design and THz imaging setups. (A) Design of the metallic C-shaped complementary split-ring resonators metasurface, its
geometry, and enlarged view of the metaelement depicting the parameters to be varied during this study: the letter ¢ denotes the thickness of the
opening, 6 - the cutout angle, R is the radius, and ¢ depicts the position of the gap. (B) Schematic layout of the THz beam engineering setup dedicated to
the evaluation of metallic metasurface design effect on the polarized light. The radiation of power of around 40 mW with an electric field polarized
along the Y-axis emitted from an adjustable frequency InP Gunn diode oscillator source (Spacek Labs, model No: GQ-440KS) (S) is collimated by
F = 10 cm parabolic mirror (PM) as the beam diverges. The metasurface focuses the beam onto a focal point where a polarization-sensitive
InGaAs-based bow-tie-shaped detector (D) is placed. The photo of the enlarged active part of the detector is depicted in the bottom inset. A high
resistivity silicon beam splitter (BS) of 525 pm thickness is placed between a parabolic mirror and metallic metasurface in order to reduce the standing
wave effects between the emitter and metallic metasurface. (C) THz imaging setup employing the THz beam engineering. The setup contains two
additional paraffin lenses (PL1 and PL2) dedicated to collimate the THz beam after it passes through the target (T) and then focusing it into the detector.
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FIGURE 2

The dependence of CSRR metasurface focusing performance on different metacell geometrical parameters. (A) Simulation of the intensity
distribution along the optical axis, obtained by varying cutout angles 6; and 0-. Intensities along the x-axis at the focal plane are displayed in the inset. The
optimal pair of angles 6;=40° and #,=135 was selected for the following simulations. (B) Simulations of intensity distribution along the optical axis for the
CSRRs metaelement radius R ranging from 230 pm to 250 um. Intensities along the x-axis at the focal plane are displayed in the inset. The optimal
radius of R =240 um was selected for the following simulations. (C) lllustration of the experimentally measured (symbols) and simulated (solid line)
intensities along x-axis at the focal plane for the varying opening widths of the metaelements, denoted by the letter c at the central image. The inset
denotes the simulated transmission spectra of the CSRR structure at the focal point, the blue dashed line represents the frequency used during the
experiments. In all cases, fixed parameters are displayed in the insets of the relevant panels.

complementary metasurface is the same [21, 22]. This fact
establishes the background for the development of the CSRR
structure as a focusing element with the same focal length at the
same resonant frequency as the conventional SRR [23].
Furthermore, this allows extending the beam shaping facilities
using CSRR as metaelements employing experience of studies in
more classic metasurfaces [24-27].

Investigated metasurface containing CSRRs was manufactured
from a 25 pm thickness stainless steel foil employing laser-ablation
technology, already successfully applied for compact THz optics
fabrication aims [10, 28]. The ablation process was carried out by
using Pharos SP (produced by Light Conversion Ltd.) laser,
delivering ultrashort pulses of duration tunable from 158 fs to
10 ps at A = 1030 nm wavelength with a maximum average
power of 6 W at 200 kHz repetition rate. The beam positioning
system intelliSCAN (Scanlab), paired with the f-theta lens of
effective focal length f = 100 mm, was used to scan and focus the
beam onto the surface of the foil. To keep the heat-affected zone as
small as possible during the ablation, low pulse energy with a high
scanning speed combination was used. Scanning was done with
pulse density of 200 mm™" under peak fluence of F = 9.4 J/cm* and
repeating at least 250 times for a single feature to fully cut through
the substrate. Such selection of parameters helped to maintain the
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flat surface of the foil unaffected by excess heat and to avoid
oxidation. After the microfabrication, the sample was immersed
in an ultrasonic bath in order clean off the built-up debris from its
surface.

The complementary metasurface’s openings were systematically
placed in a recurring design based on the 5 zones and 4 subzones
Fresnel equation [29] to act as a zone plate (top panel of Figure 1A)
enabling a possibility to focus and manipulate the THz light beam.
The CSRRs gap’s position and cutout angle (described by ¢ and 6,
respectively, in the bottom left part of Figure 1A) were adjusted
relying on their location on the metasurface, aiming to achieve the
required phase-shift for each CSRR. Each subzone of the zone plate
was filled with identical CSRR metaelements, ensuring 7/2 phase
shift between the neighbouring zones. Furthermore, the radius of the
openings (R) and their width (c) were varied for further optimization
of the focusing element. It is deserved noting that the detected signal
is due to radiation re-emission from the metasurface only. In this
case, the ratio of exciting and re-emission powers is metasurface
rotation angle-dependent and amounts to 6%-10%.

Figure 1B shows a schematic layout of the THz beam
engineering setup, dedicated to investigating the designed
metallic metasurfaces. The setup is based on an adjustable InP
Gunn diode oscillator delivering tunable frequency radiation in
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FIGURE 3

Focusing performances of the complementary C-shaped split

ring resonators-based metasurface with different focal lengths
(F=10,20,30, and 40 mm) at ~ 94 GHz. The main graph—experimental
results (symbols) and simulation results (solid lines) of the beam
profile distribution along the optical axis for metasurfaces of the
different focal lengths. Top left inset—the performance of the
metasurface lens with the focal length of 20 mm: top half represents
experimentally obtained and bottom half depicts simulated intensity
distribution of THz beam along the optical axis. Note the standing
wave effect occurring in the experimental part. The blue line indicates
the focus position of the analyzed CSRR structure. The upper part of
the top right inset—THz beam intensity distribution in the focal plane
corresponding to the blue dashed line of the top left inset. The top half
depicts experimental results and bottom half-theoretical simulations.
The bottom part corresponds to the intensity beam profile along the
x-axis at the focal point of the metasurfaces with different focal
lengths, where the experimental results are marked as symbols and
theoretical simulations are depicted as solid lines.

the interval of 93.8 GHz-94.1 GHz, passive optical elements, and
bow-tie diode as the THz sensor, a photo of the detector is given
in the left-bottom inset of Figure 1B. The latter device is based on
the molecular-beam-epitaxy-grown InGaAs structure (sample
1198:058 525 nm-thick Ing46Gags4As) and fabricated using
procedures described in detail in Ref. [30]. The inherent
feature of the device is the broadband operation with an
almost flat response up to 0.8 THz [9]. As the sensor
resembles a bow-tie antenna, it exhibits good coupling and
nanoseconds duration response in free space at 94 GHz [31].
Figure 1C shows the schematic layout of the THz imaging setup,
which contains two additional paraffin lenses, dedicated to
collimating the THz beam after it passes through the target
and then focusing it into the detector.

3 Experimental results and discussion

The primary objective was to determine the effect on the
focusing abilities of the CSRR metasurface by variation of
different CSRR metaelement parameters, depicted at the centre of
Figure 2. The starting parameters, adapted for the desired frequency
were taken from similar studies of another group [26]. Aiming to
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produce the most efficient focusing metasurfaces operating around
~94 GHz, numerical simulations, varying the cutout angle, were
conducted with focal length F = 20 mm, R = 240 pm radius, and
¢ = 60 um opening width (Figure 2A). The cutout angles of two
different metaelements were varied keeping a constant relative phase
shift of 7/2. Additionally, employing the determined optimal cutout
angle, the effect of different CSRR’s metaelement radius (R) was
simulated (Figure 2B). Finally, the variation of CSRRs width (c) as
30, 60, 75 and 90 um was performed for the F = 20 mm, R = 240 um
and cutout angles of ; = 40" and 6, = 135". The metasurfaces with
identical parameters were also investigated experimentally. The
simulation-matching results, depicted in Figure 2C, reveal that the
best focusing was achieved with the opening width of ¢ = 75 um. The
metasurfaces, containing metaelements with all three optimized
parameters were used for the following studies of different focal
length structures and the metasurface bending effect on the focusing
performance.

Four metasurfaces with different focal lengths of F = 10, 20, 30,
and 40 mm have been fabricated, and their focusing performance
was investigated both experimentally and theoretically.
Experimentally obtained THz beam intensity distribution along
the optical axis is depicted in the main graph of Figure 3 and is
represented by symbols. The operation of metasurfaces as well as
properties of propagating THz light was theoretically modeled using
the FDTD method presented by straight lines. As one can see, the
intensity of the beam, focused with F = 20 mm focal length
metasurface, expresses sharply increased intensity in comparison
to other designs with F =10 mm, F = 30 mm, and F = 40 mm. Several
aspects need to be taken into account analyzing these results. It is
worth noting that the incident radiation excites dipole and
quadrupole moments in the CSRR structure which signatures, as
it will be shown later, become pronounced in angular dependencies
of the re-emitted pattern [32]. The performance of a single
metaelement can be explained using the concept of the numerical
aperture (NA), which is NA = sin(6), where 6 = arctan(D/2f) is the
largest meridional angle of the ray reaching the focal point (f - focal
length, D - entrance pupil). The dipole wave radiation is not
distributed isotropically in space. Like in a dipole antenna, the
radiation directrix of the metacell obeys the squared cosine law
in regard to the meridional angle (the direction at which rays arrive
at the collective focus) [32]. Thus, the CSRR radiates around the
directions lying perpendicular to the excited dipole moment because
of the non-spherical electric and magnetic waves re-emitted from
the structure. In the case of the zone plates with short focal distances
(i.e., large NA) it means that the rays arriving at the focus have
amplitudes modulated by the directrix function of the CSRR. The
second effect which further decreases the intensity of the radiation in
nonparaxial focal points is caused by the paraxial design of the zone
plate. A variety of aberrations are introduced through, for example,
the aplanatic factor - the rays arriving at the focal spot at larger
spatial angles impinge the focus and are bent too much, therefore,
their amplitudes are further modulated by the meridional angle.

As the focal distances increase, the NA decreases, thus, the
aforementioned effects become less pronounced and the
conventional behaviour of the Gaussian beam is observed. What
is more, with an increase of the focal distance, the size of the
Gaussian beam and its Rayleigh distance z, = kw}/2 also
increases, therefore, the volume occupied by the beam is
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(A) Angular dependency of the recorded electric field component of the illumination on the rotation angle of the metasurface structure. Note that

the polarization of the incident THz light is perpendicular to the recorded one (cf. orange arrow at the bottom right inset) as the rotation of the structure
consequently changes the orientation of the dipole moment leading to the generation of the electric field component perpendicular to the direction of
the incident electromagnetic field. The metaelement in the center of the graph depicts the 0" position of the central Fresnel subzone of the
structure. The solid line with symbols represents experimental data while the thick solid line depicts simulation results. In the inset, the green arrow
marked as E;, corresponds to the polarization of the incident THz light, the orange arrow marks the recorded THz light, which is perpendicularly polarized
to the incident light, and the blue arrow marks the recorded THz light, which is polarized in parallel to the incident light. (B) The simulated angular
dependency of the electric field of two different polarizations on the angle corresponding to the position of the conductive gap of the metacell in the
structure. The color of the solid line depicts the simulated polarization according to the inset of the panel (A). The differences in angular electric field

dependencies allow employing polarization-resolved imaging

V = knwj/2, and the maximal intensity decreases in the expected
manner (k = 271/A - wave number, w, is the beam waist). This effect is
further intensified due to fixed-size 2-inch steel wafers used for the
production, resulting that for the case of longer focal distance, the
dimensions of the full 5 zones, 4 subzones Fresnel lens structure
exceeds the 2-inch wafer size, therefore, it further decreases the
intensity and the Rayleigh length.

The top left inset in Figure 3 shows the performance of the
metasurface at the best operational focal point of F = 20 mm. The
top half presents experimentally obtained and the bottom half
depicts the simulated intensity distribution of THz beam along
the optical axis. In contrast to the theoretical simulations, the
experimental beam intensity distribution shows the presence of
Fabry-Perot oscillations due to the formation of the standing
waves. This discrepancy is due to different boundary conditions:
in simulations, it is assumed that the waves, reflected from the
metasurface, are absorbed, whereas in an experiment the waves
experience the reflection from the beam splitter plate (cf. BS at
Figure 1B) The top right inset depicts the THz beam profile in the
focal plane (xy) of metasurfaces with different focal lengths. The best
performance of F = 20 mm metasurface is compared with relevant
simulations. The top half presents experimentally obtained results
whereas the bottom half depicts numerical simulations. As it is seen,
the theory describes the measurement data well.

As was aforesaid, the CSRR operation relies on dipole- and
quadrupole-based re-emission of the incident THz radiation which
is dependent on the angle between the E-field of the incident
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illumination and the CSRR gap, allowing thus the effect of
polarization-sensitive focusing. To evidence it, we rotate CSRRs
metasurface to measure the angular dependencies of the re-emitted
THz radiation intensity. The angular dependency of the re-emitted
electric field component, which is perpendicular-polarized to the
incident THz radiation, is shown in Figure 4A. The intensity peaks
are achieved when the angle between the CSRRs gap and incident
electric field component is 45°, 135°, 225 and 315°. These
observations, supported by FDTD simulations are consistent,
taking into account the geometry of the above-described dipole
formation in the CSRR metaelements. Consequently, such
distribution enables a significant increase in signal-to-noise ratio
for THz imaging systems operating in the transmission geometry.
The bottom right inset depicts the polarization rotation features of
the metasurface. The green arrow corresponds to the polarization of
the incident THz radiation and the orange arrow indicates the
polarization of the detected THz radiation. Considering angular
dependency of the polarization, parallel to the incident THz
radiation, depicted as a blue arrow in the inset of Figure 4A, one
may note the 45° peak position shift, depicted as simulation results in
Figure 4B. Typically, a single metacell would manifest a 77/2 intensity
symmetry for the perpendicular polarization (orange arrow) and 7
intensity symmetry for the parallel one (blue arrow). However, as the
metaelements in the subzones 3 and 4 of each Fresnel zone are 90°
rotated copies of the subzones 1 and 2 respectively, the final angular
dependency for both polarization expresses 7/2 symmetry with 45°
intensity shift between the polarizations (Figure 4B). Such
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FIGURE 5

(A) Measured intensity dependence upon bending metasurfaces of different focal lengths. The inset depicts a visualization of the bent metasurface
Letter L denotes the diameter of the unbent metasurface and d is the distance between two opposite ends of the deformed plate. The bending level is
represented as a ratio of d/L. (B) Intensity distribution of the THz beam along the optical axis (x2): the top half represents results when the metasurface was
flat and the bottom half when the metasurface was bent. The dashed blue lines indicate the focus position. Note the change of the focal distance and
intensity occurring due to bending, giving additional adjustment ability. Insets on the right side represent beam intensity distribution in the focal plane (xy)

for the cases when the metasurface is flat and bent, respectively.

peculiarities of the structure allow for further enhanced imaging
possibilities employing metasurfaces, as described below.

Another explored peculiarity of the CSRR structure, unavailable for
the standard SRR, is structure bending ability. The flexibility of the
metallic metasurface CSRRs not only allows them to maintain their
functionality upon bending as an optical element but also provides
tunability options for focusing and light manipulation under variations
of mechanical deformation. To illustrate this, metasurfaces were
investigated experimentally in a flat geometry and under variation of
mechanical bending. The bending is represented by the d/L ratio, where
d is the distance between the opposite ends of the deformed plate, and L
is the diameter of the flat metasurface.

Signal dependency on the mechanical metasurface bending (d/L)
is shown in Figure 5A. Three different metasurfaces designed for the
focal lengths of (F = 10, 20, and 40 mm) were investigated. As was
discussed in Figure 3, without mechanical deformation, the
metasurface with F = 20 mm provides the highest signal. With the
increase of mechanical bending, the recorded signal decreases in all
the cases, however, the focusing ability of the structure remains. At the
maximum bend, d/L = 0.45, all investigated structures reach similar
signal values, amounting to = 25% of the maximum signal with
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respect to the best flat metasurface with focal length F = 20 mm.
Although the focal point changes its position due to the bending, the
shape of the beam remains the same. It is evident from the plot
depicted in Figure 5B, representing experimentally obtained flat and
bent intensity distributions along the optical axis (xz plane), and right
insets displaying experimental data of the intensity distribution in the
focal (xy) plane. Therefore, the focusing abilities and focus tunability
of CSRR-based optics elements via mechanical bending extend the
area of different applications in the further development of compact
THz imaging systems containing flexible optics.

4 THz imaging using C-shaped
metasurface

THz imaging performance of the metasurface designed for
F =20 mm is presented in Figure 6. Images were recorded using
the setup, depicted in Figure 1C, where two non-transparent samples
were raster-scanned during the THz illumination by the investigated
metasurface. The first sample, comprising metallic target featuring
cutout slits with varying widths (3 mm, 2 mm, and 1.5 mm) organized
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Demonstration of THz imaging using the focusing metasurface with the focal length of F =20 mm. (A) Imaging of a metallic target with different

period slits is achieved by recording different polarizations with the metasurface rotated either 0° or 45°. The color scale indicates the signal, normalized to
its maximum value. Setups are depicted above each relevant imaging picture. The top right corner inset depicts the perpendicular-polarized electric field
component dependence on the angle of the metasurface. The intensities, corresponding to the angle of the metasurface in this imaging experiment,

are indicated by black dots. (B) Cross-sections of different period slits orientated vertically and horizontally at the positions denoted by the dashed lines
for the case of the most left image of panel A. Inset shows a photograph of the imaged target. (C) Imaging of a special sample made of a plastic card
containing a metal key and a different number (1-6) of paper sheets. During the imaging, the metasurface was used to focus the THz radiation onto the
sample. Each image is obtained by moving the sample along the optical axis away from the focal plane of the metasurface with the step of 1 mm. The
color scale indicates the signal normalized to its maximum value. (D) Contrast dependence on the number of paper sheets at different sample positions

along the optical axis.

into groups according to their period, is depicted in the inset of
Figure 6B. Each group of slits contains a 90° rotated duplicate so that
the slits are oriented vertically and horizontally. Furthermore, as
demonstrated later, the imaging of the target results in an object
geometry that is responsive to variations in THz polarization on the
other hand, it gives the possibility to determine the spatial resolution
of the resulting images using the CSRR structure.

Figure 6A depicts the imaging results of the first sample,
achieved by recording different polarizations with the
metasurface rotated either 0° or 45°. The imaging setup is
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depicted above each relevant imaging picture, and the
metasurface rotation angle is indicated on each top left angle
of the setup. For the aim of convenience and clarity, the
theoretical ~angular dependence of the perpendicularly
polarized component is given in the right inset of panel (A).
Perpendicular polarization-resolved imaging features can be seen
from two left images of Figure 6A. In the left image, the
metasurface is rotated by 45°, resulting in the peak of
perpendicular polarization intensity (cf. Figure 4 and the right
inset). One may note that horizontal lines are much more clearly

frontiersin.org

126



Ivaskeviciate-Povilauskiene et al.

resolved in comparison to the vertical lines of the same period.
This is
dominant in such setup geometry. The exception are the

because the perpendicular-polarized radiation is
largest (3 mm) slits where almost no difference is visible
between the different orientations as the slits are wide enough
to resolve the parallel polarization. By rotating the metasurface
by an additional 45° into 0° degree position, we get the minimal
generation of the perpendicular-polarized radiation, therefore,
nearly no imaging is possible as it is depicted on the second left
imaging of Figure 6A. These results are further manifested by
Figure 6B, where the intensity profiles of the most left image are
taken for the different width slits at the lines depicted in the inset.
The possibility to distinguish the slit at each profile for the case of
perpendicular-polarized setup, results in 0.5 spatial resolution.

The situation becomes different in the case of parallel-polarized
radiation (two right images of Figure 6A). For the case when metasurface
is rotated by 45° degrees (the second right image), some blurred picture is
visible, but no clear picture is resolved, as the intensity of the parallel-
polarized component is very low, and the focal point of this polarization
is more diffused compared to the perpendicular-polarized one. Still, by
rotating the metasurface back to 0° (the case when the conductive gap is
arranged along the x-axis) where the parallel-polarized radiation
experiences a peak, we may achieve a parallel-polarized resolved
image, manifested in highlighted vertical lines (most right image of
Figure 6A). The target was additionally imaged by varying its distance
from the metasurface focal plane by 1 mm steps. The spatial resolution
was determined at each position, reaching 0.51 in all the cases, showing
that the resolution remains the same regardless of the sample position
within at least 5 mm range. This implies that such a metasurface enables
high-quality images even if the imaged sample is not located precisely at
the focal plane.

The second sample depicted in Figure 6C, was a plastic card with
included a metal key and six areas containing a different number of
paper sheets, varying from 1 to 6. In order to determine the effect of
misalignment on imaging quality, the scanning process was repeated by
moving the sample away from the metasurface focal plane with 1 mm
step as in the previously described process of determination of spatial
resolution. The contrast values are defined as C = (Iy — I5)/(I + L),
where I is the average intensity at the largest signal area and I, labels
average intensity at the minimal signal area were calculated for each
sample position in the optical axis and for different numbers of paper
sheets. Contrast dependence on the number of paper sheets and the
position of the sample presented in Figure 6D. The results show that the
contrast remains very similar regardless of the out-of-focus distance for
each number of paper sheets. This implies that good image quality can
be obtained even if the metasurface-based imaging is significantly
detuned from the focal point. This illustrates the operational
flexibility of metasurfaces opening hence a possibility to deploy
them in industrial THz imaging systems, where precise optical
alignment and tunability of optical components is not possible or
hard to achieve.

5 Conclusion

The proposed approach
mechanically deformable metasurfaces for THz light manipulation
opening thus a new route for the implementation of flexibly

revealed promising features of
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reconfigurable metasurfaces into the further development of
compact THz imaging systems. Metasurfaces based on C-shaped
complementary split-ring resonators manufactured from a 25um
thickness stainless steel foil employing laser-ablation technology were
applied for compact THz optics aims. Mechanical bending as a tool to
manipulate the intensity and focusing properties of THz illumination is
investigated. Polarization control via complementary C-shaped
metasurfaces was presented at 94 GHz, and polarization-resolved
THz imaging was demonstrated with the spatial resolution of half of
the wavelength. It is shown that mechanically deformable metasurfaces
can provide a dimension of operational flexibility opening hence an
optimistic option to implement them in industrial THz imaging
systems, where precise optical alignment is hard to achieve.

The approach can successfully be extended for multispectral
THz imaging [33] aims thus enabling the wider scale of more precise
identification of packaged objects contents or for modulation and
manipulation of THz wavefront via a proper selection of a relevant
metasurface with a liquid crystal elastomer [34].
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Abstract

Structured light — electromagnetic waves with a strong spatial inhomogeneity of amplitude, phase, and polarization —
has occupied far-reaching positions in both optical research and applications. Terahertz (THz) waves, due to recent
innovations in photonics and nanotechnology, became so robust that it was not only implemented in a wide variety
of applications such as communications, spectroscopic analysis, and non-destructive imaging, but also served as a
low-cost and easily implementable experimental platform for novel concept illustration. In this work, we show that
structured nonparaxial THz light in the form of Airy, Bessel, and Gaussian beams can be generated in a compact way
using exclusively silicon diffractive optics prepared by femtosecond laser ablation technology. The accelerating nature
of the generated structured light is demonstrated via THz imaging of objects partially obscured by an opaque beam
block. Unlike conventional paraxial approaches, when a combination of a lens and a cubic phase (or amplitude) mask
creates a nondiffracting Airy beam, we demonstrate simultaneous lensless nonparaxial THz Airy beam generation and
its application in imaging system. Images of single objects, imaging with a controllable placed obstacle, and imaging
of stacked graphene layers are presented, revealing hence potential of the approach to inspect quality of 2D materials.
Structured nonparaxial THz illumination is investigated both theoretically and experimentally with appropriate
extensive benchmarks. The structured THz illumination consistently outperforms the conventional one in resolution
and contrast, thus opening new frontiers of structured light applications in imaging and inverse scattering problems,
as it enables sophisticated estimates of optical properties of the investigated structures.

Introduction

Structured electromagnetic fields have been shown to
be viable in a variety of applications such as commu-
nication, metrology, and light-matter interactions"?.
Most advances are due to the rapid development of so-
called nondiffracting electromagnetic beams® which
nowadays are applicable for a broad selection of wave-
lengths extending from visible® to terahertz (THz) ran-
ges®. Such popularity is caused by intriguing properties
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like diffraction and dispersion resistance®, self-
healing”®, self-acceleration®™!, etc. The applicability
of nondiffracting beams can be significantly increased
when their vortical'>'® and polarization properties'* are
introduced"”.

The family of nondiffracting beams has numerous rela-
tives to the well-known Bessel beam. Elliptic Mathieu'®,
parabolic Weber'”, Pearcey beams'® and self-accelerating
Airy beams™'® are less recognized, however, they can be
found as more promising members in the family of non-
diffracting illumination. The nondiffracting Airy beam
manifests itself as a beam of a distinct parabolic propa-
gation trajectory in the longitudinal plane*’. The beam
trajectory (or caustics) of nondiffracting electromagnetic
fields can be shaped to any other form®' =3,

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
By in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit httpy//creativecommons.org/licenses/by/4.0/.
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These nonconventional states of light also can find their
use also in imaging improvements>*~2°, laser microfabrica-
tion”?, photonic communications®**°, tomographic®,
light sheet®?, and sub-THz microscopy®®. High resolution is
one of the main objectives of the imaging theory, and it is
usually achieved with Gaussian illumination in high
numerical aperture systems. However, a high numerical
aperture automatically leads to bulky imaging systems. The
lenses and conical prisms become rather massive, and var-
ious aberrations can be induced.

The solution to this problem is flat optics , with
Fresnel lenses®® and axicons®*® being the most well-
known examples. Flat optics elements can also enable
efficient generation of Airy beams in both transmission
and reflection geometries® in a wide range of wave-
lengths, from optical'**° to THz*'. Flat optics reduces the
thickness and weight of optical elements by exploiting
diffraction. A spatial arrangement of sub or near wave-
length thickness elements that locally phase-shifts a pas-
sing optical ray which leads to the constructive
interference of the transmitted waves at the focal point.
An implementation of this concept involves binary or
multilevel diffractive elements where the phase delay
is (n — 1)t for the material of refractive index # and local
thickness ¢ of the substructure®®. Yet another imple-
mentation is based on the concept of metasurfaces using
propagation or geometrical phase®” For example, dif-
fractive gratings were realized by local changes in the
geometrical phase of the structure comprised of individual
metaatoms*>*>, We note that both approaches to flat
optics can be equally effective; see ref. 34,

THz waves stand out among other sources and fre-
quencies, as they not only serve as a flexible platform for
scalable photonic experimentation, but also provide a
strong background for a wide variety of applications in
communications, spectroscopy, and imaging systems for
nondestructive inspection in security, medicine, and
materials research***°, Recent progress in the develop-
ment of compact and robust room temperature THz
sources™ stimulated strong demand for relevant flat optic
advances with the aim of reducing the size of imaging or
spectroscopic system537’42’43’47’49.

Its direct implementation requires convenience under
real operational conditions, optimization, and miniatur-
ization of THz imaging systems with reduced power
consumption. Since silicon can be assumed to be one of
the most promising materials for the development of
compact THz systems containing solid-state-based emit-
ters, room temperature detectors and their arrays, an
important role must be attributed to the development of
compact flat optics, in particular, considering their further
integration into imaging setups™*°. Moreover, because of
the relatively long THz wavelength, a large variety of high-
quality compact metasurfaces, amplitude, and phase

34-37
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elements can be flexibly manufactured in a wide cost
range. These circumstances display THz range as a flex-
ible platform and promising toy model for fundamental
research in scalable flat optics readily applicable for other
wavelengths of electromagnetic radiation.

In this work, for the first time, we demonstrate a
compact and nonparaxial solution based exclusively on
flat silicon diffractive optics for structured THz light
generation in the form of a configurable Airy beam.
Second, we expose its accelerating nature via THz ima-
ging of partially obscured objects using an opaque beam
block. Third, in contrast to conventional approaches,
when under paraxial conditions a combination of a lens
and a cubic phase (or amplitude) mask creates a non-
diffracting Airy beam, we also demonstrate simultaneous
lensless nonparaxial Airy beam generation in the THz
range. Fourth, the designed Airy lens performance in the
conventional generation of the Airy beam, when a phase
element creates the spatial spectra of the nonparaxial Airy
beam, and in the non-conventional beam generation
when the nonparaxial propagation itself performs focus-
ing of the phase mask, are revealed and investigated.

Fifth, it is displayed that the self-accelerating properties
of both Airy beams allow for recording of a THz image of
an object behind an obstacle; also, high quality of THz
Airy images of a single object and images over a con-
trollable placed obstacle is exposed. Sixth, the ability to
inspect the quality of 2D materials such as stacked gra-
phene layers is affirmed and its correlation with Raman
spectroscopy data is established.

Seventh, the distinct role of structured THz illumina-
tion on the quality of nonparaxial THz Airy imaging is
illustratively benchmarked in mode profile measurements,
numerical simulations, and their comparison with Bessel
and Gaussian beams. Eighth, the THz imaging setup
contains only flat optical elements manufactured from a
high-resistivity silicon substrate ablated by femtosecond
laser pulses®’.

Results
Design and fabrication of the nonparaxial flat optics
elements

Our aim is to design a flat photonic element for imaging
objects with THz illumination. Due to the rather long-
wavelength 1 and characteristic dimensions of imaged
objects, the element must be a nonparaxial object. Thus,
its performance is described by the Rayleigh-Sommerfeld
diffraction integral®®,

For our purpose, we devised a cubic phase profile

ui(r) = a(x’® —y’) 1)

(a = 7 x 107 m~>) which we encoded in a flat element,
where structural changes in the height of the elements
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contribute to phase changes less than 27. The complex
transmission function T(r) of a multi-level phase mask is
defined as

T(r) :exp<12ﬁ” \‘MfN[MJJ> (2)

21 2

where @(x, y) = @a; (r) and the brackets || represent a
round-down operation and N is the integer number of
levels in the phase mask.

The spatial profile of the designed nonparaxial Airy
phase mask with @ = 7 x 10 m > and N = 8 is shown in
Fig. 1a. This design represents a phase mask plate of eight
levels (N = 8) of diameter 20 mm, which together with a
zone plate (f = 1 cm) is dedicated to generate an Airy
beam in the range of up to 10 mm.

To provide focusing abilities and additional manage-
ment facilities for the engineered beam in the setup, we
design and fabricate conventional zone plate with the
phase of the transmission function being a quadratic
phase function

(sz(l‘) = % (xz +y2) (3)

where f = 1 cm is the expected paraxial focus length.
Similar designs and their performance were discussed
in refs. °°>°%,

Additionally, to generate Bessel THz beam a Fresnel
axicon was designed with a linear phase function

®y(r) = 27[;1“,8 [ T2 Ty (4)

where = 0.4 rad. In the end, we fabricated phase plates
with linear, quadratic, and cubic phase profiles.

Fabrication was carried out on a high-resistivity silicon
wafer with a refractive index of n = 3.46 and the wave-
length of the electromagnetic radiation is A = 0.5 mm
corresponding to the frequency of 0.6 THz using the
ultra-short pulsed laser ablation process®®°. Details can
be found in the Materials and Methods Section.

The photographed spatial profile of the manufactured
Airy lens, its cross section and the enlarged tilted photo of
the Airy lens to visualize the levels, structural depth and
quality of the surface of the fabricated element are depicted
in Fig. 1b. For comparison, a picture of the 8-level laser
ablated nonparaxial zone plate with a cross-section of the
element as the inset is shown; see Fig. 1c.

One can note that no transverse distortions between the
designed and fabricated elements are visible. However,
only 7 phase levels can be resolved in the actual Airy
element. For this reason, a phase difference of 0.6 rad
(equal to 19.3 pm of height difference) between the
designed and the fabricated elements was estimated.
We have theoretically evaluated the influence of this
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phase mismatch and found it to be rather moderate, since
it mostly causes a drop in the maximal intensity of about
40 percent, but it has almost no influence on the specifics
of the spatial intensity distribution. Other elements were
produced as intended.

As the devised elements are nonparaxial their perfor-
mance is revealed using the Rayleigh-Sommerfeld integral
with a spherical-point-source-based propagator. Details
are given in the Materials and Methods Section. To
illustrate the versatility of the operation of the designed
flat optics for the 0.6 THz frequency, we studied the
performance of the actual element with and without a
nonparaxial zone plate.

Simulations were performed using an incident Gaussian
beam of radius w, = 10 mm at the intensity level of 1/¢
The beam was collimated by the lens L and directed onto
the Airy phase mask to generate structured THz light, see
Fig. 2. In Fig. 2a the distance between the Airy mask and the
ZP was f= 1 cm. The simulation area is 8.5 mm x 20 mm
in the longitudinal (xz) plane.

First, we calculate the electromagnetic fields generated
using the Airy phase mask and a zone plate; see Fig. 2a. The
design of the zone plate was based on the paraxial asses-
ment of the focal spot at z = 1 cm. The actual nonparaxial
focal point was formed at the distance z = 0.85 cm.

The analysis of the beam propagation revealed that the
beam behaves as expected; the trajectory of the generated
Airy beam is parabolic, although some deviations from the
paraxial trajectory are observed. Due to the nonparaxiality
(we remind that the propagator is spherical-point-source-
based), the transverse profile is slightly distorted on the
edges. This is a distinct effect caused by the highly non-
paraxial zone plate — strictly speaking, the optical Fourier
transform is valid only in the paraxial regime, conse-
quently, the nonparaxial beam profile is not a product of
two independent profiles as it is in the paraxial case, see
Methods. It should be noted that the parabolically bend-
ing nonparaxial Airy beam focuses approximately 5%
further as expected at z = 1.05 cm.

Subsequently, we looked into the performance of the
nonparaxial Airy generating mask without a zone plate. Due
to the choice of the parameter b, see Eq. (5), the reciprocal
trajectories, following the law x ~ 1/z can be revealed in the
theoretical plot within the acceptable range of coordinates
and are clearly observed experimentally, see Fig. 2b. Inter-
estingly, the Airy profile is less distorted than in the pre-
vious case, compared with Fig. 2a, though the beam
increases its dimensions as it propagates along the reci-
procal trajectory proportionally to 2, see Methods.

Experimental verification of the nonparaxial designs

We start by benchmarking the fabricated THz phase
element with experimental verification of its performance.
Our aim here was to experimentally generate nonparaxial
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Airy beams with conventional parabolic and unconven-
tional reciprocal trajectories. The principal optical
schemes are shown in the top row of Fig. 2a, b.

The generation of the Airy beam was carried out
experimentally using an electronic multiplier chain-based
emitter (Virginia Diodes, Inc) to produce radiation of
0.6 THz frequency. Delivered through a converging lens
(L, with F = 12 cm) it was collimated to illuminate the
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focusing elements arranged in different orders. The first
setup is based on the Airy lens and zone plate combina-
tion and is shown in Fig. 2a, while the second setup uses
only the cubic mask (Fig. 2b). The beam profiles along and
perpendicular to the beam propagation direction were
raster-scanned at a speed of 10 mm s~ '. Recording of a
100 mm® in xy plane and 160 mm® in xz plane-sized
images of the focused Airy and Gaussian beam with a
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and the ZP is 10 mm, and for the transverse plane scan the detector is placed in 7 mm from the ZP. The starting scanning point along the z-axis is
1 mm away from the ZP; panel b - using the Airy lens only. The starting scanning point along the z-axis is 1 mm away from the Airy lens. Distributions
are normalized to the maximum value of the signal. A dashed blue line in bottom panels — guide for an eye to accentuate Airy beam which exhibits
parabolic trajectory. A light blue shaded area in theoretical plot enlightens the reciprocal trajectories. Note that in case of nonparaxial Airy generation
with mask without zone plate (panel b), the Airy profile is not distorted as in the case with zone plate (panel a) although the beam increases its
dimensions as it propagates along the optical axis proportionally to 7. Reciprocal caustic trajectories following x~1/z law are also nicely pronounced
both in theory and experiment. As it is seen the experiments fit well the modelling results (panel b)

pixel size of 0.1 mm? at a scanning speed of 10 mms™"

leads to a signal-to-noise ratio (SNR) of 570 for a setup
with the single Airy lens and SNR = 1180 for the set-up
containing the Airy lens and the zone plate.

Measurement was carried out in the area which was
consistent with the simulation area. Typical experimental
Airy beam profiles after the zone plate both in the transverse
and longitudinal planes are presented in Fig. 2a. In general,
the transverse intensity profile is skewed in the same way as
expected due to the action of the nonparaxial focusing zone
plate. The peak position in the transverse plane xy has a
similar intensity distribution and is slightly shifted in the y-
direction. In the transverse plane, we observe a parabolic
trajectory, with small deviations from the design due to the
fabrication. The main lobe of the generated Airy beam
structure spans from 0 to 10 mm. Therefore, we can infer a
good performance of the element.

Next, we remove the zone plate ZP and repeat the
experiment. As one can see from Fig. 2b, the transverse
distribution is now undistorted, with both arms of
the structured THz radiation being perpendicular. Some
minor deviations are observed, but they can be explained
by the experimental implementation. The longitudinal

profile shows the diffractive spreading of the Airy profile.
Although it almost keeps its shape over a distance from
6 mm to 16 mm, the diameter of the beam increases
proportionally to the square of the distance z from the
element. It is worth noting that the Airy beam exhibits
reciprocal self-bending during propagation in free space.
Most importantly, we confirmed that the Airy phase
mask can be used experimentally to create nonparaxial
structured THz light with and without a zone plate. This
becomes possible due to the nonparaxiality of the devised
elements.

Imaging of objects with nonparaxial structured
illumination

For practical applications, it is important to benchmark
the performance of the fabricated cubic nonparaxial phase
mask in THz imaging applications using structured THz
light illumination. Most notably, the nonparaxiality of the
element allowed us to generate two versions of the Airy
beams with different setups discussed above.

The first benchmark is a raster scan imaging of the
nontransparent sample when the sample is illuminated by
the nonparaxial Airy beam. As structured light illumination
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Fig. 3 Imaging of non-transparent sample using nonparaxial Airy beam. Image of the target with different period slits (a). Performance of the
nonparaxial Airy phase mask in THz imaging in two setups: with a single nonparaxial zone plate (b) and two nonparaxial zone plates (c). T indicates
the imaged target. The color bar is normalized to the maximal value of the signal. Z; and Z; indicate distances between optical elements and the
object. The first row on the right and the second row on the right present comparison of the experimentally obtained and numerically calculated
object pictures for both setups, respectively. Cross-sections of the imaged objects (at positions denoted by dashed lines) are depicted in graphs (d)
for setup with an Airy lens and a single nonparaxial zone plate and (e) for an Airy lens and two nonparaxial zone plates. Cross-sections of the

recorded image (d) proving the 3.2 A spacial resolution with more distorted target bars image; Cross-sections of the recorded image (e) with precise

displays a self-accelerating bending structure, we studied its
performance in THz imaging of the object behind an
obstacle. The second case is related to THz transparent
samples, where the observation of the object and the
registration of its internal structure are a challenge due to
low absorption, while the main attention needs to be
focused on a phase change.

For benchmarks of structured illumination imaging of
nontransparent targets, we employed a structure, which
we routinely use in THz imaging experimentszs‘ It con-
tains a number (5) of bars of different widths arranged in
groups of the same number of bars. The target has three
rows of bars; the first row is 5 groups of the 5 smallest
bars, the middle row contains 4 groups of larger bars, and
the last row has 3 groups of the largest bars. Period and
size are marked in Fig. 3a.

The fabricated photonic element enables us to generate
two distinctly different nonparaxial versions of the struc-
tured THz illumination, so we investigated and bench-
marked the performance of the imaging application in
two set-ups. The first one contained the single Airy lens
(Fig. 3a) while the second one consisted of the Airy lens in
combination with the nonparaxial zone plate (Fig. 3b). In
both experiments, the target was scanned in raster with a
velocity of 20 mm s ' and a pixel size of 0.2 mm. The
distance between the target and adjacent optical elements
varied during the scanning process. In Fig. 3b panel, the red
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letter Z; marks the distance between the Airy lens and the
target, while the blue letter Z, indicates the distance
between the target and the zone plate. Accordingly, in
Fig. 3c panel, the red letter Z; marks the distance between
the first zone plate and the target, and the blue letter Z,
indicates the distance between the target and the second
zone plate. Since the Airy beam is nondiffractive, experi-
mentation revealed that a similar image was recorded at all
positions of the target object.

In the first case, the bar structure with the period of
1.2 mm is still distinguishable in the recorded images.
Even the better spatial resolution and quality are achieved
in the second setup with the Airy mask and the zone plate,
see Fig. 3c, where the structure with the 0.8 mm period is
still visible, and the contrast is 2 (a.u.).

A detailed comparison of spatial resolution and contrast
is given in Fig. 3d, e, where the cross sections for each
target bar (in places marked with red lines) are presented.
It should be noted that a combination of the Airy mask
with the zone plate provides spatial resolution reaching
1.6A, while a simpler approach without the zone plate
reaches only 3.2) spatial resolution with the recorded
images being more distorted.

We numerically evaluated the expected performance of
the structured illumination under the same conditions as
in the experiment. The results are given in Fig. 3. In
general, the conventionally generated Airy beam was
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performed in a manner similar to that observed during
the experiment. The resolution and contrast estimates
agree well with the experimental observations.

However, we observed some discrepancies between the
numerical estimate and the experiment when the non-
paraxial Airy beam was generated non-conventionally.
The experimental results demonstrate better contrast and
resolution than the numerical estimation. Although the
number of bars can be precisely estimated, the shape of
bars looks slightly distorted in the numerics. It can be
caused by the fact that the Airy beam with reciprocal
trajectory spreads more in the numerical estimates than in
the experiment and displays higher than experimental
intensity. The reciprocal propagation and its direction
were also the main cause of why in the virtual numerical
experiment the shape of the bar is distorted, with one side
of the bar looking more intense than the another one. The
experimental realization can have some alignment
imperfections; therefore, this effect is less pronounced in
the recorded pictures.

Yet another intriguing feature of the self-accelerating
structured THz illumination is the bending propagation
trajectory. Results of the first imaging benchmarks induced
an idea of a specific imaging experiment when an opaque
obstacle is placed between the target and illumination.

In this set of experiments, we additionally employed a
multilevel laser-ablated Fresnel axicon, which was pre-
viously benchmarked in THz imaging with the Bessel
beam and allowed us to achieve a superresolution®.
Given the nondiffractive nature of all contestants, this
makes us wonder how those three set-ups can be com-
pared under these rather unusual conditions.

Although the bending trajectory of the structured Airy
illumination makes it easy to understand how the imaging
behind the obstacle is possible, some additional com-
ments are required in the case of nondiffracting Bessel
beams. They can be represented as plane waves, whose
wave vectors are located in the cone with angle az'>?°.
For this reason, as we cover the target with an obstacle, we
cover only a part of the plane wave components lying on
the cone. The uncovered part of the spatial spectrum
propagates at the cone angle aj to the z-axis and reaches
the region behind the obstacle. For this reason, we expect
that part of the structured Bessel-type illumination is still
able to reach the target. This property is observed many
times in the literature under the moniker of the self-
healing and self-recovery properties of the Bessel beam®.

The experimental results of a sample imaging behind the
obstacle are presented in Fig. 4. The obstacle was placed at
the distance z = 1 mm behind the last element in the
scheme before the object and other distances were selected
optimally from the previous experimentation. A metal plate
impermeable to THz radiation was used as an obstacle in
three different setups. During the experimentation, an
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ever-increasing area of the optical element in front of the
sample was shielded by this metal plate. The experi-
mentation with structured THz illumination was repeated
three times using different lens configurations in front of
an obstacle: Airy lens only (Fig. 4a), the Airy lens in
combination with the nonparaxial zone plate (Fig. 4b), and
the Bessel lens (Fig. 4c).

As experimentation has revealed, see Fig. 4a, when a
single Airy lens is employed, the image of the target is
clear even when the optical element is almost completely
covered by the metal obstacle. The smallest period of
stripes, which is clearly resolved, is 1.2 mm. Our experi-
mentation is in line with the numerical estimate presented
in the same Figure. Some slight discrepancies might be
caused by slight misadjustments in the system and slight
imperfections in the position estimates. These results
confirm the self-healing properties of the Airy beam and
promise an opportunity to perform THz structured light
imaging even when an opaque object is present.

The results are even more promising; see Fig. 4b when
a combination of the nonparaxial cubic phase mask and
the nonparaxial zone plate is employed. The slits of the
target are still clearly visible, even if more than half of
the illuminating element is covered. In this case, a sur-
prisingly good resolution is still observed, indicating that
the smallest period of stripes, which is clearly resolved,
is 0.7 mm.

Lastly, we are curious how the Fresnel axicon will per-
form, as the structured THz illumination behind it is still
nondiffracting and thus also self-recovering. During the
experimentation with the Bessel lens (Fig. 4c), when small
parts of the generating element are covered, the image of
the target is still clearly recorded. In this case, the smallest
period of stripes, which is clearly resolved, is 0.8 mm
(1.61). Nevertheless, when a larger area of the element is
covered, the image of the target is barely seen until only
the noise is recorded. Numerical estimates demonstrate a
similar behavior, although some images can be recognized
in the background. This deviation is caused by some
experimental uncertainties in the generated structured
light illumination. Thus, the fabricated cubic phase plate
shows better results in this benchmark than the Bessel
generating element.

A summary of the performance benchmarks is given in
Fig. 4d. First, we note that the performance of the single
Airy phase mask decreases as we cover a larger part of the
structured illumination, the spatial resolution changes up
from 21 to 3.21 while the contrast fluctuates in the range
of 30 (a.u.). Surprisingly, in the second experimentation,
we did observe the even better performance of the Airy
phase mask in conjunction with the zone plate - the
spatial resolution does not depend on the covered per-
centage. It is 1.6), and thus it is better than in the first
experiment. The contrast was slightly less than for the
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Fig. 4 Benchmarking of structured nonparaxial illumination behind the obstacle.
imaging behind the obstacle in two setups: with the single nonparaxial zone plate (a) and two nonparaxial zone plates (b), where O denotes an
obstacle. Performance of the nonparaxial Bessel phase mask in the same THz imaging behind the obstacle setup (c). The color bar is normalized to
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Performance of the nonparaxial Airy phase mask in THz

case without the zone plate and did drop as we cover the
illuminating element from 30 to 20. Lastly, the spatial
resolution of the illumination of the Bessel beam
decreased from 1.61 to 3.21. Most noticeably, the contrast
did drop drastically until no images were recorded for the
largely covered illumination. An element covered by 30%
results in a strongly reduced contrast for the case of the
Bessel illumination, while the cases of the Airy and the
Airy with the zone plate demonstrate the contrast less
dependent on the block percentage.

Numerical estimates agree well with the experimental
observations; for the sake of brevity, we present them only
for one particular setup, where the agreement is the lar-
gest; see Fig. 4d. This is the second setup, see Fig. 4b,
numerically obtained contrast does not deviate more than
5% from the experimental one.

137

Deviations are larger in the first set-up, though the
dependence on the percentage of the covered part is
similar. In the third case, see Fig. 4c, numerical contrast is
smaller when 10% and 30% of the element are blocked,
and it becomes equal to that in the experiment for the
latter case indicating thus good agreement between the
experiments and simulations.

Inspection of thin 2D samples with nonparaxial THz
structured light illumination

These promising results of our first two benchmarks have
motivated us to study the performance of structured non-
paraxial Airy THz illumination in the imaging of thin 2D
samples. For this experimentation, we chose graphene as a
highly interesting material for THz radiation. Graphene is
one of the most popular and widely used two-dimensional
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materials consisting of a single layer of carbon atoms
arranged in a two-dimensional honeycomb lattice nanos-
tructure of only 0.3 nm thickness. Graphene is dis-
tinguished from other materials due to its specific
properties: good electrical and thermal conductivity etc. In
this benchmark, we have investigated in total 5 different
graphene samples, each containing 1, 2, 3, 4 and 5 graphene
layers placed on a high resistivity silicon substrate. Bare Si
was used as a reference sample.

All samples were investigated using the same setup,
which we discussed earlier, with two different configura-
tions of lenses: two-zone plates (Fig. 5a) and the Airy lens
in combination with zone plates (Fig. 5b).

The results of the experiment and the numerical mod-
eling for different numbers of graphene layers are given
on the right side of the (a) and (b) parts of Fig. 5. The first
setup does not generate the structured THz illumination,
whereas the second one delivers the self-accelerating
nonparaxial Airy beam.

In the first setup, under Gaussian illumination, the
intensity decreases with an increase in the number of
graphene layers. As expected, the drop is more or less
linear for the first three graphene samples, while samples
with 4 and 5 layers experience a weaker dependence; see
Fig. 5c. Under structured THz Airy illumination, the
situation becomes puzzling due to the pronounced
nonmonotonic dependence: initially, the drop in trans-
mission can be observed for the samples with 1 and 2
graphene layers, as expected; however, the unexpected
increase in transmission is observed in the sample with 3
graphene layers. i. e., nonparaxial structured illumination
is transmitted better through the sample than the con-
ventional one. Regarding the sample with 4 graphene
layers, the transmission drops well below that of the
Gaussian illumination, and, more importantly, the sam-
ple with 5 graphene layers is now can clearly be dis-
tinguished from the sample with 4 layers which are in
sharp contrast to the Gaussian case.

This issue can successfully be resolved taking into
account the effects related to the light polarization, i. e.,
reasoning about the transmissivity of s- and p -polarized
light (perpendicular and parallel) through a stratified
medium (i. e., through a dielectric slab). First, the slab is
a minuscule resonator with multiple reflections from the
outer and inner surfaces that separate materials. Thus,
any small deviation in the height of the sample or in the
refractive indices of graphene or the Si wafer will have an
imminent effect on the recorded transmissivity. For the
paraxial illumination, there is no difference between
the transmission of the incident polarization. However,
the difference does appear for the nonparaxial illumi-
nation, as the transmission through the stratified med-
ium behaves differently for plane wave components with
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large angles of incidence. Details are presented in the
Supplementary Materials.

Therefore, one can assume that structured nonparaxial
illumination not only ensures better spatial resolution but
is also more sensitive to changes in the optical phase due
to refractive indices and their variation in the stratified
media. As the self-accelerating illumination has more
spatial components with large transverse wave vectors, it
distinguishes changes in optical parameters of the sample
better than the conventional Gaussian illumination as
given in Fig. 5a—c. Most importantly, a combination of
these two signals together enables us to solve the inverse
scattering problem®; i. e. we can make an educated and
sophisticated guess to determine the height or effective
dielectric constant of the sample.

To confirm the hypothesis, we have performed Raman
spectroscopy of the graphene samples, of which two
characteristic spectral bands, G and 2D, are plotted in
Fig. 5d. It turns out that the samples contain distinct
groups of graphene layers that behave differently. Due to
graphene layer interaction with Si substrate or with
other graphene layers, it can be mechanically strained.
Second, graphene can experience electron depletion and
other changes as a result of its deposition on the Si
substrate. The existence of mechanical strain and dop-
ing can be exposed by performing the Raman mapping
and examining the correlation analysis of the frequency
position of the G and 2D bands; more details on Raman
experiments can be found in the Supplementary Mate-
rial. For the free-standing graphene sample, two char-
acteristic bands, G and 2D, are located in the Raman
spectra around 1580 cm™' and 2690 cm ™, respectively.
These values can vary depending on technological
conditions in deposition processes or a number of the
deposited layers as it is seen in distributions of wg and
wyp of each sample depicted in Fig. 5d. Statistical
dependency is accumulated from the single point data
and a linear approximation as depicted on the plot.
Zero-point indicates free-standing graphene and it is
considered as reference (wg =1581.6+0.2 cm™ Y
wWyp =2676.9+0.7 cm™ ). The closer this w,p /g dis-
tribution is to the zero point, the less this layer is
affected by mechanical stress. As it is seen, the samples
are strained differently. As can be seen, the 2D and G
peak frequency distribution of the sample with 3 gra-
phene layers is the farthest from the zero point, and its
slope is —0.66 + 0.5, which can be associated with dop-
ing effects. Inclusion of these effects together with light
polarization in the modeling allows them to fit well with
the experimental data, as can be seen in Fig. 5c¢ and
enabling thus to explain the increase in transmittance in
the structured THz light experiment; see the Supple-
mentary Materials for details. Therefore, it can be
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Fig. 5 Imaging using nonparaxial THz structured light illumination. The sample under test consists of different numbers of graphene layers
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of all samples for two different configurations of lenses (c). Correlation between Raman 2D and G peak positions for 1-5 graphene layers (d). Blue/
yellow point marks free-standing graphene

assumed that THz structured light can be assumed as a
convenient and contactless tool for examining the
properties of 2D materials and can also be extended to
other materials systems or low-absorbing objects.

A good benchmark for the estimation of structured
THz light illumination is SNR. For the conventional
Gaussian-like illumination, we found the SNR to be
around 118, meanwhile when the cubic phase mask cre-
ates a nonparaxial Airy beam the SNR is recorded to be
almost three times higher SNR = 326. This is yet another
indication that the structured illumination enables us to
achieve significantly better resolution in the inspection of
graphene layers.

Discussion

It was demonstrated that the THz light can be shaped
into structured self-accelerating and nonlinearly propa-
gating nonparaxial radiation using high-resistance silicon
diffractive optics prepared by femtosecond laser ablation
technology.
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It was shown that the designed element due to its
nonparaxiality can simultaneously generate two distinct
types of nonparaxial structured THz light — nondiffract-
ing nonparaxial Airy beam with a parabolic trajectory and
an expanding Airy beam with a reciprocal trajectory — in
the same optical setup. Generation of these distinct
three-dimensional field patterns was experimentally
confirmed at 0.6 THz frequency and applied in THz
imaging experiments.

Employing a sensitive, 90 nm CMOS technology-based
THz detector signal-to-noise ratio has reached a value of
570 for the setup with the single Airy lens and that of
1180 for the setup with the Airy lens and the zone plate
combination. Experiments indicated that, compared to
only the Airy lens, the combination of the Airy lens and a
nonparaxial zone plate results in twice better spatial
resolution — 0.8 mm (1.61) period bars are visible.

THz imaging behind the obstacle was explored both
numerically and experimentally in different obstacle
geometries. It was validated that the Airy lens is superior
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in comparison to other illuminating elements, even if the
~60% of the optical element was covered by an obstacle,
the image of the target was still clear and exhibited a
resolution of 3.21 and the contrast of around 26 (a.u.).
Even better results were achieved for parabolically bend-
ing structured THz illumination: When the ~60% of the
optical element was covered, the resolution did not
decrease and was twice (1.61) as good as for the reci-
procally bending structured THz illumination (3.21) with
slightly lower contrast to 21 (a.zs.).

With an increase in the blocked part, the contrast of
the image experiences almost no changes in settings that
contain bending illumination, while for the Bessel lens
the contrast drops drastically from 35 (a.u.) to 3 (a.u.).
Thus, although both Airy and Bessel illumination is
nondiffractive, the bending propagation of the struc-
tured THz light provides an opportunity to image
samples behind an obstacle with sufficient resolution
and reasonable contrast.

To summarize, we presented the results of compact
silicon flat optics-based THz structured light generation
and its comprehensive benchmarks of various structured
nonparaxial THz illumination-Bessel-like and self-
accelerating along different paths. Our results indicate
not only the good performance of the devised flat optics
but also herald their potential in the applications of
structured THz light in imaging and inspection of the
quality of 2D materials e.g., stacked graphene layers. As
the Raman spectroscopy indicates optical characteristics
of the samples are different due to the strains, doping,
depletion, etc., the structured Airy THz illumination gives
an additional possibility to evaluate optical properties of
stratified samples when combined with the conventional
approach. It is in sharp contrast to the Gaussian illumi-
nation, where these features are indistinguishable.
Extensive benchmarking allows to infer that the struc-
tured light consistently outperforms the classical Gaus-
sian beam in THz imaging in such metrics as resolution
and contrast allowing thus its expansion of applicability in
rather complex investigation scenarios.

Materials and methods
Theoretical background

A distinct feature of the nondiffracting non-apertured
paraxial Airy beam is its cubic spectral phase distribution
Sty k)%

S(he k) = exp [é (omb (2 + k;)] 5)

where k,, k, are transverse components of spatial spectra,
%, y denote spatial coordinates, and b is some character-
istic acceleration value. A Fourier transform of the spatial
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spectrum results in the following expression for the
electromagnetic field in the focus

S Cexp [é (27b)? (kf + k;)] exp(—27i(kex + kyy)|dk dk,
= bA- A

(6)

Expression in Eq. (6) is a solution of a paraxial diffrac-
tion equation.

The propagation-dependent paraxial expression is
given by

U(x,y,z) =~ exp [72ﬂi/lz(ﬁ)3 (x — ﬁ)]
X exp PZm’)Lz(ﬁlb)3 (y - ﬁ)}
(- )
7

It reveals the main feature of the nondiffracting Airy
beam: the accelerating parabolic trajectory 46> k% x = 2° of
the dominant intensity peak. Most notably, the Airy cross-
section is preserved during propagation.

Without loss of generality, a finite energy expression of
the Airy beam is obtained by the introduction of the
Gaussian envelope to the spatial spectra in Eq. (5). In
other words, the cubic phase mask for the spatial spectra
is essential in the engineering of the Airy beam.

We note that the designed element can also shape the
incident radiation into a diffracting “caustic” beam when
used without a lens®>*”. In the paraxial regime, it is easily
demonstrated by using the stationary phase method to
evaluate the Fresnel integral®”

U(x,y,2z) = Ai

24/322(27b)* 24/322(27b)*

(8)
leading to the reciprocal trajectory of the Airy beam
z = —ki(167° b® x). There are two differences in
comparison to the conventional realization, see Eq. (7):
1) the reciprocal trajectory of propagation and 2) the
quadratic spreading with the propagation distance z due to
the presence of the factor 1/z* in Eq. (8). Here, we note
that in the paraxial regime the trajectories of the caustics
produced with and without the lens do not overlap, as
the coefficient b enters equations for trajectories differ-
ently: 4> K* x = Z* for the conventional case and for
unconventional generation as z = —k/(167° b* x). It is
important to underline that the selected parameters
ensure a simultaneous generation of two different types
of Airy beam.

(k+ 2(2nb)3xz)2} N {(k + 2(2nb)3yz)2}
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Numerical methods

In general, the choice of parameter b in Eq. (5) usually
describes paraxial masks. However, in our case, we choose
b=+/3A/(2m) =50 m ' therefore, numerical verifica-
tion of its performance and validation of the trajectories of
Egs. (7, 8) was performed. We start by recalling the
Rayleigh-Sommerfeld diffraction integral®>.

explik|roy|]

cos(ro1,n)dS
oSt )

©)

where U(r,) is the field in the observation plane, Ui, (ro) is
the incident field in the diffraction plane, T(ro) is the
transmittance of the object. The coordinates of the
observation plane are ry = (xo, ¥o, z = 0) and the coordinates
of the observation plane are r; = (x, ¥, z = z,), the vector
1o, is the distance between two points in these planes, and n
is normal to the surface of the object. Integration is
performed over the surface of the element S,. Based on this
consideration we have employed a propagator using
spherical point sources to numerically model propagation
of the electromagnetic field within the system.

U(ry) = % /  Une(e)T(x)

Fabrication of silicon optics

The core material for production was 500 pm thick
high-resistivity silicon wafer with a refractive index of n =
3.46. It was ablated employing a femtosecond pulse
duration laser, which was a Pharos SP (Light Conversion
Ltd.). It generated a maximum power of P = 6 W at A =
1030 nm wavelength with a tunable repetition rate of
4-200 kHz and an output beam size of 9 mm at the
intensity level exp(—2). For the optimal ablation process,
the shortest pulse duration of 7 = 156 fs was employed
keeping P = 5 W average power at 50 kHz repetition rate
making thus £ = 100 pJ energy per pulse. The pulse
overlap density was established at 100 pulses per milli-
meter, while the spot size was approximately 20 um. The
amount of material removed in one pass was about
0.86 pum deep. Although the material ablation rate was not
high — it was 1.257 pm® s™! we used these optimal para-
meters to avoid excessive burning of the silicon substrate
and to produce relatively smooth ablated surfaces with
roughness less than 2 um. In general, a recipe for tech-
nological quality of flat silicon optical elements production
relies on a rational balance between the fabrication dura-
tion and optimal ablation rate aiming to minimize material
roughness and avoid silicon oxidation.

The detection scheme

In both benchmarks, the focused beam was registered
with the raster scanning technique in the xyz directions
using the Si-CMOS field effect transistor manufactured
using 90 nm foundry technology and integrated with a
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670 pm-diameter log-spiral THz antenna. An addi-
tional Si substrate lens with a diameter 12 mm and
height 6.8 mm is used for efficient coupling between
the antenna and the THz radiation, which is directed
from the substrate side. Before the experiment, the
THz sensor was investigated, and it was determined
that it exhibits rather a flat responsivity over the 0.1-2
THz range with values of optical responsivity and noise
equivalent power of around 40 mA W ' and 42 pW
Hz %, respectively®®.
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1 Theoretical background of analysis of Airy
THz imaging in stratified medium samples

Puzzling behaviour of the sample with graphene layers did require some inves-
tigation. First of all, during the deposition on the Si wafer, the graphene layers
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could be modified due to the interaction with the substrate. The presence of
the substrate and the number of the accompanying layers have influence on
the optical constant of the graphene [1-3|. Uniaxial or biaxial strain can also
appear, which will lead to modulation of conductivity and refractive index
[4]. However, the presence of graphene could modify the conductivity of the
Si wafer; thus, its optical parameters could also be somewhat modified [5, 6].
Revealing possible reasons of the situation observed in the experiment is the
main motivation of the text below.

Our considerations are based on the basics of propagation of electromag-
netic waves through the stratified medium [7, 8]. The characteristic matrix
M (z) is shown to be

cos 8 —%sinﬁ

—ipsin8 cosB |’ (1)

M(z) =

where kg is the wave vector in vacuum, S = kgnzcos#, n is the complex
refractive index of the medium, z is the distance between two surfaces of the
dielectric film, and 6 is the angle at which the plane wave propagates inside
the film. For the TE (s-polarized) wave, the parameter p is

p= \/j cos . (2)

It should be replaced by the parameter g if the incident polarization becomes

TM (p-polarized)
q= \/ﬁcos 0 (3)
€

The effective characteristic matrix of a three-phase system is given by

M () = M (1) Ma 2 - 1) = | o 782 (@)

/ !
Mgy Mag

where phase 1 occupies space from z = 0 to z = z; and phase 2 extends from
z =1 to z = z9. This procedure is repeated as many times as many strata are
present in the sample.

The thickness of graphene layers is small; hence, for this situation, we get
an approximation

1 1B 1 — L konadze cos by
My = P2 = p2 5
’ [ —ip2fa, 1 } [ —ipakonadzs cos b, 1 (9

which can be generalized for N graphene layers as

1 —ik N Llp.6zicosf;
Moy = . N 02]72 pi 97 T (6)
—1]{30 Zj:Q pjnj(szj COS 9, 1
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Fig. S1 Transmittivity of the stratified layer on the refractive index n of the substrate
and angle of incidence 6 for the (a,d,g) p-polarized and (b,e,h) s-polarized THz radiation of
the frequency w = 0.6 THz, the thickness of the film is d = 500 pm. (c,f,i) Comparison of
absolute numbers of the transmittivity between s and p polarizations. The graphene is (a-c)
depleted and ngr = 1.68, (d-f) ngr = 223 + 223i, (g-i) ngr = 500 + 500: .

Assuming homogeneity of individual graphene layers simplifies the expression
and the characteristic matrix is

Cosﬁl—p2/82 sin 81 52 cosﬂl—p—smﬁl

M =
—ip1 sin 51 — ipaf32 cos B cos 51 - plﬁz’ sin 1

(7)
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Fig. S2 Transmission of the nonparaxial Gauss (dotted line) and Airy (continuous line)
illumination through the stratified layer with graphene layer of refractive index ng, for
the (a) s-polarized and (b) p-polarized THz radiation of the frequency w = 0.6 THz, the
thickness of the Si wafer is d = 500 pm, refractive index is (black) n = 3.4, (blue) n = 3.45
and (red) n = 3.5 . The thickness of a single graphene layer is dg = 0.3 nm. (c) Ratio
of the transmission of the nonparaxial Airy illumination normalized by the transmission
of the nonparaxial Gauss illumination for the same case as previously, continuous line is p
polarization, s polarization is dotted line.

The transmission coefficient of the stratified medium is given by

- 2n (8)
(mhy +mlypr) p1 + (mby +mbypr)’

Once again, the expressions for the p polarization are obtained by replacing p
with ¢. In particular, for thin 2D materials, the transmittivity depends on the
thickness, number of layers, or absorption of the material only for very large
values of the refractive index ng,.

The refractive index of the graphene changes in very wide range of values,
the dielectric constant of the N graphene layers is seen as

er(w) =25+ Z';(ic)r (9)

where o(w) is the conductivity of the graphene, d is thickness and ¢ is the
permittivity of the vacuum. Some graphene samples can reach refractive indices
up to ng, = 1000 + 1000i [1-3], on the contrary, the fully depleted graphene
will reach values of only ng, = 1.68.
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First, we investigate the effect of graphene layers on transmittivity ¢,
which is maximized when the denominator is maximized. The thickness of the
graphene layers is very small and, as it turns out, the number of layers does
not greatly influence transmittivity. For unusually high values of the refractive
index ng > 200, a local maximum is observed that is angle dependent, and
the transmittivity starts to depend on the number of layers N. These values
are common in the THz regime for metal-like substances. Because of the very
thin layers, absorption does not greatly influence the transmission of the sam-
ple. Thus, the metallic behavior results in an angle-dependent transmission.
As the literature reveals such behaviour can be caused by a variety of reasons.

Next, we investigate how the optical properties of the substrate (wafer) in
combination with the optical properties of the graphene affect transmittivity,
see Fig. S1. We fixed the refractive index of graphene ng, to three distinct
values: the value of a freestanding graphene (Fig. S1(a-c)), the semimetalic
value (Fig. S1(e-f)) and the metallic value (Fig. S1(g-i)), and we changed the
refractive index n of the substrate in the stratified sample. The real part of
the refractive index (as well as the thickness of the sample) causes oscillatory
changes in the transmittivity because the effective optical path is directly
affected by these variables. Second, for the paraxial illumination, the angle of
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the incidence (angle in phase 1) 6; =~ 0, therefore, the angles 6, and 63 for
remaining two phases via the Snell’s law are also small; consequently, both
light polarizations are transmitted equally, see (Fig. S1 (c,f,i)). However, a
situation for the nonparaxial case becomes nontrivial, as depending on the
film thicknesses and the refractive indices, difference in phases and angles can
clearly be resolved. Thus, from the transmission values of the wafer, we can
deduce its thickness and/or refractive index. Second, although the graphene
layers are thin, the refractive index of the graphene has a distinct effect on
the polarization-dependent angle-resolved transmittivity of the sample. As the
graphene becomes metallic, the p polarization is transmitted better for larger
values of incident angles #, while the s polarization is transmitted better for
smaller ones. This becomes even more pronounced, when the refractive index
ng, reaches values of ng = 1000 4 10007, see the Supplementary animations
Sla and S1b.

Lastly, we numerically estimate the actual transmission of nonparaxial THz
radiation. A numerical estimate was performed using an expression

1

Ury) = M/s Uinc(ro)T(I‘O)w

cos (ro1,n) dS, (10)
ro1

where U (ry) is the field in the observation plane, Ui, (rp) is the incident field in
the diffraction plane, T'(r() is the transmittance of the object. The coordinates
of the observation plane are ro = (z¢,%0,2 = 0) and the coordinates of the
observation plane are ry = (r1,¥1,2 = 2,), the vector ro; is the distance
between two points in these planes, and n is normal to the surface of the
object. Integration is performed over the surface of the element Sy .

We estimate the total transmission of the Gaussian and structured Airy
THz illumination through a stratified sample with a Si wafer with refractive
index n and a graphene layer with normalized conductivity o/d, leading to
refractive index ng.. As the two-phase system is electrically connected, the
depletion of graphene should lead to changes in the refractive index n of the Si
wafer. For this reason, the depletion of graphene changes not only the optical
refractive index mg, of graphene but also the optical properties of the sec-
ond phase. As the volume of graphene is small compared to the volume of
the Si wafer, large changes in the refractive index ng, will lead to relatively
small changes in the refractive index n of the wafer. Transmission of the p and
s polarized structured illumination through the stratified sample is depicted
in Figure S2(a,b) for 3 different values of the refractive index of the sub-
strate. We observe that, depending on the optical properties of the substrate,
the transmission for the Airy beam can be larger than that of the Gaussian
illumination.

Our main intention here is to explain the behavior that we observed in
the experiment, so we investigate the ratio of two transmissions in Fig. S2(c).
As the results indicate, for the s-polarization, the structured Airy illumina-
tion is mostly transmitted better than the Gaussian illumination as long as
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the graphene is depleted. The optical properties of the wafer make this behav-
ior less or more pronounced. Increasing conductivity diminishes this effect,
and for refractive indices mg, > 500 the Gaussian illumination is transmit-
ted better. We note that for ng. > 200 the number N of graphene layers
becomes relevant. The results are also valid for the N layers if one keeps in
mind that the optical path [,,; for one and NN layers should be kept the same,
ie. lopr = nydy = nidy. The situation for p polarization is more dependent
on the optical properties of the Si wafer. For the refractive index of Si-wafer
n = 3.50 the Airy structured illuminations is transmitted better, whereas the
decrease in the refractive index results in the better transmission of the Gaus-
sian illumination through the imaging system. More results are given in the
animated sequence presented as a Supplementary video S2.

These results can be summarized as a 2D plot of the transmission of the
s-polarized Gaussian beam TS5 see S3(a). As the p polarized Airy beam
is transmitted in a way very similar to the s polarization, we present the
difference caused by the structured illumination in Fig. S3(b) only for one case.
Here we plot a ratio TA™Y /TS2uss In this way we observe that the difference
in the behavior of the sample with 3 graphene layers can be caused either by
inter-action of the graphene layer and the Si substrate, i. e. the changes in the
graphene conductivity (meaning refractive index ng,) or by the changes in the
refractive index of the substrate n.

As results reveal, the substrate has a similar effect on s and p polarized THz
radiation created by a ZP. Changes in the real part of the refractive index n
cause an interferometric oscillation in the transmission for both polarizations.
The difference between the s and p polarizations is not significant for the zone
plate. However, for the structured bending THz illumination there is a distinct
difference in comparison to the Gaussian signal. Thus, changes in the thickness
of the wafer and in the optical properties of Si may also be the cause for the
behavior we observed for the sample with 3 graphene layers.

The incident polarization in the experiment was y polarized and can be
decomposed into s and p polarized as

e, = €,Cos ¢ + e, sin ¢, (11)

where ¢ is the azimuthal angle of the polar coordinates in the zy plane.
Therefore, the s component of the spatial spectra is S(ky, ky)k,/k and the
p component is S(kg, ky)k,/k. We were not fully certain how homogeneous
the polarization state was; therefore, we have studied the s and p polarized
components separately, and the transmission of the y polarized radiation is a
weighted sum of the s and p polarized beams.

This set of simulation results hint at the fact that a) the set of signals for
the ZP illumination sets some limits on the dielectric constant of the graphene
and Si substrates in the stratified medium, and b) a comparison of the Gaus-
sian signal with the Airy signal enables a more precise polarization-dependent
determination of the dielectric constant or other parameters of the sample.
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2 Raman mapping of graphene layers

Raman spectroscopy serves as a convenient tool for characterization of the
quality of graphene. The main role is played here by two spectroscopic peaks
— so-called G and 2D bands — in graphene Raman spectra that are located
around 1580 cm ™! and 2690 cm ™!, respectively. The G band is associated with
vibrations in the plane of carbon atoms bound to S P2. Its position, shape, and
intensity are highly sensitive to the mechanical strain and doping. Mechanical
stress may occur as a result of the interaction with the Si substrate on which
graphene is transferred. The 2D band reflects a two phonon lattice vibrational
process and it is always strong in graphene.

The Raman mapping was performed for the five samples studied that con-
tained from 1 to 5 graphene layers. The mapping results of the G and 2D peaks
are depicted on the left side of each section in Fig. S4(a-¢). As one can see,
the intensity of the G and 2D bands in the mapping of 3 layers of graphene
is distinguished from others. Because the G band is strongly dependent of the
mechanical strain, it can be assumed that during graphene transfer this sample
was affected and thus experienced more strain between the layers in compari-
son to others, but not experiences carrier depletion. It also correlates with that
seen in Fig.5(c) (in the main article): transmittance ratio in the sample con-
sisting of 3 graphene layers increases in Airy lens experiment in comparison to
the Gaussian one. It is related that the THz structured light is phase-sensitive,
while the Gaussian THz illumination do not exhibits this feature. Therefore,
the THz Airy imaging enables to reveal more precisely properties of single or
several graphene layers placed on silicon substrates.

Moreover, existence of mechanical strain and doping can be exposed by
correlation analysis of the frequency position of G and 2D bands in Raman
spectra. The distribution of wg and wop is shown on the right side of each seg-
ment in Fig. S4(a-e). The zero point indicates free graphene and is considered
a constant (wg=1581.640.2 cm™!; wop=2676.94£0.7 cm~!). Graphene interac-
tion with Si substrate and each additional layer can cause a mechanical strain,
while interaction with oxygen environment can affect graphene by hole doping.

In conclusion, the presence of mechanical strain and doping of graphene
can be disclosed during inspection of the sample with structured THz light
illumination.

A detailed study on the use of nonparaxial THz imaging and polarization-
sensitive THz spectroscopy to characterize 2D materials is focus of a separate
study to follow shortly.
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Fig. S4 Left panels: Results of the Raman mapping of G and 2D peaks for samples with
different number of graphene layers. Note that for 1 and 2 graphene layers the map area
displays low intensity intensity with only a few high intensity places. Sample containing 3
graphene layers expresses much higher intensity G and 2D peak mapping, meanwhile sample
with 4 and 5 graphene layers intensity decreases, but still remaining higher than that of 1
and 2 graphene layers. Right panels: Distributions of wg and wep peaks for each sample.
Note that for the single graphene layer (a) distribution is relatively dense; for the sample
containing 2 graphene layers (b) distribution of wg is wider indicating more strain. For 3
graphene layers sample (c), the slope changes its direction and frequency distribution of
G and 2D peaks deviates stronger in comparison to other samples implying presence of a
stronger mechanical strain. In case of 4 graphene layers (d), distribution of wyp gets wider
meanwhile wg is dense, indicating, probably, presence of hole doping. The sample with 5
graphene layers (e), exhibits wg rather wide distribution implying mechanical strain between
the layers.
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ABSTRACT

A two- and four-step phase shifting (PS) technique in terahertz (THz) digital holography is proposed. Relying on the Mach-Zehnder
interferometer-based setup, it was demonstrated that the two-step and four-step PS in Fresnel holograms can assist in a five times greater
background subtraction. It allows us to improve the quality of the obtained holographic images, in particular when objects introduce phase
changes. It was shown that the recording of holograms of an object consisting of two separated planes can enable qualitative reconstruction
of 3D images. Here, the planes were separated by 30 mm, thus defining the longitudinal (depth) resolution in this experiment. It is shown
that the PS can serve in distinguishing transparent objects and, by a proper selection of phase variation within the 0-27 range, enable us to
increase the quality of the reconstructed hologram. Finally, the advantages of the suggested holographic technique are illustrated by compar-
ing the results with the data of weak absorbing objects obtained via point-to-point, plane-to-plane (4f setup), and dark-field THz imaging
approaches. Experiments were performed at frequencies of 0.3 and 0.6 THz recording THz images using resonance antenna-coupled titanium
microbolometers.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0062330

I. INTRODUCTION

Terahertz (THz) holography is a rapidly developing investi-
gation technique stimulated by a large variety of possible applica-
tions, in particular in discriminating weakly absorbing or transpar-
ent materials due to its high sensitivity to phase shifts. These features
make digital holography very attractive for biological and medical
investigations; " they open possibilities to increase image resolu-
tion,” either with additional autofocusing techniques’ or performing
the Fourier transform digitally,” or multiplexing facilities.”

Holographic images can be registered and reconstructed using
a large variety of methods.” The so-called Fresnel hologram is a
classical example of hologram, where the beam, diffracted by or at
the sample, propagates to the hologram plane and interferes with
the reference beam. The collimated beams—object Uypjer and ref-
erence U yrence—impinging the hologram plane from the same side
are mostly recorded at some angle.” Due to the fact that the intensity
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of the interference pattern is registered, the reconstruction results
in the formation of four components in the Fourier domain: two
phase-independent terms form a DC term (a zero frequency com-
ponent) and two terms with the phase dependence form virtual and
real images. In the case of digital holography, only the real image
can be reconstructed and observed. Therefore, three other compo-
nents form the unwanted noise in the image reconstruction, reduc-
ing its quality. There are different methods to alleviate this situation.
One way is to exploit the filtration in the Fourier spectrum:’ if the
angle is wide enough, the reconstruction in a large enough calcula-
tion matrix will separate the components. However, such a method
requires more numerical capacity, and due to the filtration, only part
of the recorded information is used.

An alternative route to tackle the unwanted noise issue is to
engage phase shifting (PS) methods.” '’ The PS techniques are com-
monly used in digital holography to increase the quality of recon-
structed images by reducing noise in the reconstructed intensity



distribution introduced by the beams that do not form the image.
The technique utilizes multiple exposures and a special recon-
struction algorithm to remove the spurious components from the
image of the registered object.'’ In more details, mostly between
two and five exposures are performed by recording consecutive
holograms with the changed phase value of each reference beam.
These particular phase shifts introduced in the reference beam in
each exposure allow us to reconstruct the image via a particular
algorithm."”

In this work, we demonstrate a novel PS approach in THz
holography—two- and four-step PS technique—which enables a
reconstruction of 3D objects via the introduction of different phase
shifts in the reference beam. Here, we used two types of objects—first
introducing amplitude and phase changes and second consisting
of two separated planes in a space. Relying on the Mach-Zehnder
interferometer-based setup and applying two-step and four-step
phase shifts with the corresponding values equal to 0 and 7 for the
two-step method and 0, %, 1, and 37” for the four-step method, it was
demonstrated that the PS in Fresnel holograms can assist in a com-
prehensive unwanted background subtraction, thus improving the
essential quality of obtained holographic images in two color—300
and 600 GHz—experiments. The experimental results have shown
the average increase in contrast (K) from 8.5 to 16.8 (Table I) and
the decrease in the value of the background by a factor of 5 while
reconstructing via a single hologram and the proposed two-step
PS technique, respectively. In the case of four-step PS reconstruc-
tion, the contrast was not increased in relation to single hologram
reconstruction and two-step PS; however, it should be noticed that
all reconstructed parts of the image have a very similar contrast
value. In other methods, they differ, while the object had uniform
brightness.

The revealed improvement introduced by the usage of differ-
ent phase-shifting techniques opens new possibilities to reconstruct
the multi-plane images of recorded multi-plane weakly absorbing
objects. It can be found well-suited for a large variety of applica-
tions, in particular in biology and biomedicine. Special attention
should be given to the possibility to distinguish the phase levels of the
investigated object that can be properly realized by the four-step PS
method. The proposed in-line holographic systems with the phase-
shifting technique allow us to increase the information capacity in
the optical system. Moreover, we demonstrated the dual-wavelength
recording of a two-plane object and its successful reconstruction in
both planes.

Il. THEORETICAL FRAME FOR TWO- AND FOUR-STEP
PS TECHNIQUES IN THz HOLOGRAPHY

Registering and reconstruction of digital holograms can be real-
ized in many different ways’ employing the features of optical setup
geometry, properties of sources, or reconstruction techniques.

Interferometer principle-based setups are convenient for align-
ment and use; moreover, such a geometry allows us to reach a very
small—close to 0°—angle between the interfering beams. However,
in this case, the reconstructed components, corresponding to the DC
term and real and virtual images, overlap,'’ which causes a reduc-
tion in the quality of the reconstructed image due to the increased
background noise. This arises from the light field distribution in
the real image plane coming from the virtual image and the DC
term. Therefore, it is of a particular need to suppress this negative
influence.

In what follows, we propose a step PS technique to resolve the
issue of the noise subtraction and proper determination of phase dis-
tribution in the sample. More specifically, we introduce the two-step
and four-step PS technique corresponding to the phase shifts in the
reference beams equal to 0 and 7 for the two-step technique and 0,
%, T, and 37" for the four-step technique.

The intensity pattern recorded for a single hologram can be
described as follows:

Thotogram (%) = [Unbjeat (%) + Uprence (%:9) % 1)

where Ulpjeer describes the light field distribution in the hologram
plane (x,y) coming from the object beam and Uyeprence is the
reference beam in the hologram plane (with or without a phase
shift).

In the four-step case, four different holograms are recorded
(each with different phase shifts introduced in the reference beam).
The calculated complex transmittance reconstructing the light field
distribution propagating back to the real image plane can be
described using the following equation:

j=4
Thologram-ps (%:¥) = 2 Li(%,9) Ure erence (% ¥)» (2)
=)

where I is the intensity of the hologram recorded for each exposure
and j is the consecutive number corresponding to different phase
shifts introduced in each reference beam Ulyfrence j and is equal

to 0, 3, m, and 37” for j=1,2,3,and 4, respectively. The complex

TABLE . Contrast values for simulation results and experimentally reconstructed image (calculated from the intensity distri-
bution) for two areas of the “E” letter in one plane—with constant phase distribution (right letter) and various phase levels

inside (left letter).

Contrast Single hologram PS2 PS4
. . . Right “E” 8.85 25.00 14.85
g 2

Simulations (large aperture) (Fig. 2) Left “E” 417 25.06 16.80
. . . Right “E” 3.60 1.07 5.55
Simulations (small aperture) (Fig. 3) Left “E” 3.02 13.86 769
. - Right “E” 8.54 16.76 6.03
Experiment (Fig. 7) Left “E” 10.66 11.33 6.51
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reference beam is a plane wave for each hologram having a differ-
ent phase value. Thus, the term Uyprence_j (%, y) can be simplified to
1,i,—1,and — i in the summation. Therefore, Eq. (2) can be rewritten
as follows:

Thologram-psa (%, y) = 11 (%, y) = I3 (x, ) +i[(x,y) = La(x.)].  (3)

We must recall that each I;(, y) distribution consists of four compo-
nents. Two of these components form a DC term that is not phase-
sensitive, and the other two are real and virtual images. Furthermore,
all these 4 exposures are multiplied by the value corresponding to the
phase shift of the reference beam, and we obtain 16 components that
can be simplified as follows:

Thotogram-psa (% ¥) = 4Ugbject (%, ¥), (4)

which, after the back propagation (to the real image plane), will
reconstruct only the light field distribution related to the real image.

In the case of the two-step technique, only two exposures are
registered for the phase shift of the reference beam equal to 0 and 7,
and the resulting transmittance can be written as follows:

Thotogram-ps2(%:y) = 1 (%, y) = Ii(x, ). ()

In this case, there are eight different components, and after the
multiplication with the corresponding phase shifts of the reference
beams, we obtain

Thotogram-ps2(%:¥) = 2Usbject (%) + 2Uspiect (%,7), (6)
where * is the complex coupling operation, and thus, U;bje[,
describes the light field distribution forming the virtual image. As
it is seen, the unwanted Uy, component is not removed in this
technique. However, it should be mentioned that the transmittance
Thologram-ps2 (%, y) is propagated to the real image plane where the
real image is sharp and well defined, while the light field distribu-
tion corresponding to the virtual image forms a divergent beam that
only slightly affects the background. The background is lighter; how-
ever, it introduces noise. Nevertheless, in comparison with the noise
introduced by the DC term component, the noise introduced by
U;,,jm is hardly noticeable. It is worth noting that the two-step tech-
nique is two times faster due to the fact that it requires only two
exposures instead of four used in a previous approach.

To illustrate the proposed approach, a special sample, consist-
ing of two “E” letters of different types, was constructed. The sample
design is shown and commented in Fig. 1. It should be noticed that
the opening thickness in “E” letters is equal to 7 mm, which corre-
sponds only to 7 wavelengths in the case of using the 300 GHz beam
and 14 wavelengths for the 600 GHz beam.

The comparison between the different recording and recon-
structing methods is illustrated in Fig. 2. One can note that in these
simulations, the single “E” letter forming the object was 90 mm in
height and 60 mm in width, i.e., two times larger than in the experi-
ment (to additionally reduce possible large diffraction effects on the
letters). It was assumed that two beams interfere in the hologram
plane at an angle of 0°. The simulation parameters were as follows:
the distance between the object and the hologram plane was equal
to 85 mm, and the recording and reconstructing wavelength was
chosen to be 0.5 mm (equivalent to the experimental frequency of
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FIG. 1. Specially designed sample to illustrate the two- and four-step PS tech-
niques in THz holography. The sample was fabricated from the aluminum foil of
dimensions of 70 x 112 mm? with cut-out “EE” shape elements inside. The left
“E" letter consisted of five areas dedicated to produce different phase shifts 0, 7,
o 37” and 7 for 600 GHz corresponding to 0, 1, 2, 3, and 4 paper sheets that
are indicated by different colors. The right “E” letter was “empty” and served as a
reference. This sample was illuminated with a quasi-plane wave and formed the
object beam.

600 GHz). The calculation matrix was 2048 x 2048 pixels with the
sampling equal to 0.3 mm that corresponded to a square area of
614.4 mm. Such a relatively large calculation matrix was chosen to
diminish the edge effects and limited aperture influence.

As a reference, the intensity and phase distributions of the
image reconstructed by the classic back propagation method (Angu-
lar Spectrum of Plane Waves—ASoPW) were calculated. The results
are shown in Figs. 2(a) and 2(d). The light field corresponding to the
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FIG. 2. Numerical simulations illustrating the differences between the reconstruc-
tion of the THz Fresnel hologram using different methods: (a) and (d) classic
back propagation (using the angular spectrum of plane waves method), (b) and
(e) two-step PS method, and (c) and (f) four-step PS method. (a)—(c) depict the
intensity distributions, while (d)~(f) depict the corresponding phase distributions.
The intensity pattern of the reconstructed image in the case of a small (1°) angle
between the interfering beams is presented in the inset of (a) for illustration. Note
the expressed characteristic sine-like interference pattern here.



DC term component is clearly visible, forming a uniform and notice-
able background, which is not observed in other cases [see Figs. 2(b),
2(c), 2(e), and 2(f)]. As it is seen from the hologram reconstruction
in Fig. 2(a), the reconstructed image is formed by two reconstructed
beams corresponding to the object and reference. They propagate
numerically along the same optical axis and overlap in the real image
plane, making the reconstructed image not reliable. Inside the left
“E” letter, bright and dark regions can be seen instead of uniform dis-
tribution as it was in the object. The intensity distribution is changed
due to the different phase values of the object, and such an intensity
distribution corresponds to the interference pattern. To illustrate
this fact more thoroughly, an additional simulation was created with
an angle of 1° between the beams, and in the inset of Fig. 2(a), the
characteristic sine-like interference pattern is present.

In the THz range, many objects can be transparent and thus
introduce a particular phase shift. Such features of the object result
in the reconstructed interference pattern of two beams. It can also
be clearly seen in the inset of Fig. 2(a) where an additional interfer-
ence pattern appears even when an angle of 1° between the recorded
beams is introduced. The numerical reconstruction does not take
into account the presence of a beam splitter; thus, we observe such
an effect. For visible light, most of the objects are diffusive, which
means that their phase distribution is random. Therefore, the com-
ponents (DC term and real and virtual images) would overlap, but
there would be no interference fringes as it is visible in Fig. 2(a).
As it was already mentioned, the two-step PS technique [Fig. 2(b)]
removes only the influence of the DC term. As a result, an inter-
ference of real image reconstruction with the light field distribution
formed as the divergent beam resulting from the virtual image cre-
ates an interference pattern in the left “E” letter. The background is
significantly smaller than for classic reconstruction and is similar to
that for the four-step PS technique [Fig. 2(c)].

One can note that the four-step PS technique ideally recon-
structs the information about the intensity [Fig. 2(c)] and phase
[Fig. 2(f)] of the object. Note the visible diffraction effects on the
edges of the object. It must be underlined that in the case of phase
retrieval methods, the four-step PS technique is preferable regard-
less of two times larger registering time. However, in the case of
absorbing and not transparent objects, the two-step technique can
give reasonable enough results, and it is two times faster. To remove
the unwanted background, it is enough to apply the two-step PS
algorithm; however, to reconstruct proper information about phase
shifts introduced by the object, the four-step PS algorithm needs to
be used. Thus, the two-step PS technique is beneficial in the case
of absorbing objects, i.e., mainly intensity change related images,
while the four-step technique is more preferable in the studies of
low-absorbing or transparent objects relying on the phase changes.

After the illustration of the technique, a set of simulations was
conducted corresponding to the real experimental conditions. The
real object was smaller in comparison to that used in illustrating
simulations given in Fig. 2—in the experiment, “E” letters were of
45 mm height and 30 mm width. The calculation matrix was 1024
x 1024 pixels (each having a size of 150 x 150 ym?, resulting in the
area of 153.6 mm-edge-size-square). Moreover, the left “E” letter was
divided into five different areas to induce different phase shifts: 0,
%, %, 37”, and 7 corresponding to 0, 1, 2, 3, and 4 paper sheets (for
600 GHz radiation). It was also assumed that two beams interfere
in the hologram plane at an angle of 0° [for classic reconstruction

—| Small size influence vs diffraction ]—

Classic .
reconstruction |1 deg

Classic
reconstruction

FIG. 3. Numerical simulations illustrating diffraction effects resulting from a small
size of the object in comparison with the wavelength. Simulation parameters cor-
respond to real experimental conditions. Reconstruction of the THz Fresnel holo-
gram using different methods: (a) and (d) classic back propagation (using Angular
Spectrum of Plane Waves—ASoPW), (b) and (e) two-step PS technique, and
(c) and (f) four-step PS technique. (a)—(c) show the intensity distributions. (d)—(f)
depict the corresponding phase distributions. The intensity and phase patterns of
the reconstructed image in the case when small (1° and 2°) angles between the
interfering beams are introduced are shown in the insets of (a) and (d). Note the
pronounced characteristic interference pattern.

also at 1° and 2°, showing the influence of misalignment—insets of
Figs. 3(a) and 3(d)]. The simulation parameters correspond to the
values in the experiment. The distance between the object and the
hologram plane was kept equal to 85 mm, and the recording and
reconstructing wavelength was of 0.5 mm (600 GHz).

As it is seen from Fig. 3, a strong influence of diffraction effects
is clearly noticeable.'* The interference of two reconstructed beams
in classic [Figs. 3(a) and 3(d)] and two-step PS [Figs. 3(b) and 3(e)]
methods is evident. Moreover, misalignment-induced effects in the
experimental setup are illustrated in the insets of Figs. 3(a) and
3(d). They manifest themselves as a characteristic stripe-like pattern
resulting from the interference of two beams.

The resolved difference can be observed in the reconstructed
phase distributions. The classic hologram approach does not give
a proper mapping of the phase values introduced by the object.
In the case of classic in-line digital holography, two beams—object
and reference—are simultaneously reconstructed and overlap in
the image plane, forming an interference pattern. Thus, the recon-
structed light field distribution is not the exact amplitude and phase
distribution introduced only by the object, which can be seen as
dark areas in the reconstructed intensity distribution in the image of
“EE” letters in Figs. 2(a), 2(b), 3(a), and 3(b). Hence, the best solu-
tion is to use the four-step PS technique illustrated in Figs. 2(c) and
2(f), which allows us to remove all unwanted reconstruction com-
ponents, according to Eqs. (3) and (4). Using multiple exposures
with different phase shifts of the reference beam allows us to recon-
struct (from the numerically changed hologram) only the informa-
tion about the object without additional components, forming noise.
This approach allows us to properly reconstruct phase values intro-
duced by the object. The two-step PS method [Figs. 2(b) and 2(e)]
introduces the additional piston-like phase value resulting from the
divergent field that shifts all phase values. Nevertheless, all differ-
ences introduced as the object phase shifts are distinguishable. The
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intensity pattern suffers from the effect of interference of two recon-
structed beams, forming the real and virtual images; however, the
phase distribution is reconstructed properly.

The two-step and four-step PS techniques require an interfero-
metric registering optical setup and give good quality reconstructed
images. One can note that the two-step PS is faster, while the four-
step provides better image quality, especially in the case of imaging
phase objects. To quantitatively compare the obtained results, con-
trast values (K) defined as K = % were calculated. Here,
Iav(s) and I,y (n) are the average intensity values corresponding to
the signal area and the background noise area. The contrast val-
ues calculated from simulations and experimental results for object
introducing phase changes characterized by variable intensity values
are given in Table I and are strongly dependent on the phase level
introduced by the object. It should be underlined that comparing
parameters related to the intensity distribution (like contrast K) of
the hologram of the phase object can be misleading while relating
to the single areas. It is obvious that for two uniformly illuminated
areas with introduced phase shifts of 0 and 7, maximal and mini-
mal intensity values, corresponding to positive and negative inter-
ferences, respectively, will be observed. The values of K in the case
of the experimental four-step PS technique are smaller than those
for the two-step PS technique. Moreover, it should be underlined
that the contrast of left and right “E” letters has the same values only
for the four-step PS technique. Hence, only this technique (totally
reducing all other hologram components) gives the assumed inten-
sity distribution of the transparent object with introduced phase
shifts. However, the phase values obtained only from the four-step
PS technique correspond well to those introduced by the object;
hence, this approach can successfully be used to map the phase
objects properly. This illustrates also better fidelity of the intensity
imaging in the case when the object introduces phase changes.

One of the essential points is the background subtraction by
introducing PS techniques. The noise level was calculated as the
average intensity value in the background area of reconstructed
images. It is enough to use the two-step PS technique to reduce the
noise level from 0.051 (calculated from single hologram reconstruc-
tion; Fig. 3) to 0.010 in simulations and from 0.034 to 0.017 in the
experiment.

1. EXPERIMENTAL SETUP

The experimental optical setup based on the Mach-Zehnder
interferometer is presented in Fig. 4. It is based on Schottky diode-
based frequency multiplier chains delivering the THz radiation of
0.3 and 0.6 THz frequencies.

The delivered coherent radiation is collimated by passing the
converging lens (L1, with f = 12 cm). Then, after the reflection by
gold-coated mirror M1, the collimated THz beam is divided into
two parts by beam splitter BS1 with a ratio of 1:1 and enters into the
interferometric part. One part of the beam is reflected from mirror
M2, and then, it is phase shifted by the introduced element PS and
reaches beam splitter BS2 (thus forming the reference beam). The
other part of the beam is reflected by mirror M3, passes through the
object (sample), and reaches BS2 (forming the object beam). Then,
both beams reunite, and from that time, they propagate along the
same optical axis, reaching the detector. The intensity of the interfer-
ence pattern is registered using a high performance antenna-coupled
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FIG. 4. Principal scheme of the optical setup used to record a THz digital hologram
at 0.3 and 0.6 THz. Letter “E” denotes the electronic THz emitter; L1 is the high-
density polyethylene (HDPE) lens with f = 12 cm; M1, M2, and M3 are gold-coated
flat mirrors with a diameter of 50 mm; BS1 and BS2 label high resistivity silicon
beam splitters (525 um thickness, with both sides polished); S (sample) is the
object with “LT" and “PL" shape apertures in the aluminum sheet; PS is a phase
shifter—different amounts of paper sheets introducing particular phase shifts in the
reference beam; and D is a titanium-based microbolometric detector. The example
of the image reconstructed from the registered hologram of “PL”" and “LT" samples
is shown behind the detector.

titanium microbolometer'” working at room temperature. To alle-
viate the influence of the small-aperture-size optical elements, the
detector was placed in the main optical axis, and the object was
shifted by a computer controlled motorized xyz axis stage. Such a
solution allowed us to record the interference pattern resulting from
two overlapping beams in the middle of the optical setup where
the diffraction effects are not critical. Moreover, in such a case, the
phase value in the reference beam remains constant for the whole
hologram and is free from diffraction effects.

IV. TWO-PLANE-OBJECT RECONSTRUCTION FOR TWO
DIFFERENT FREQUENCIES

There are several propagation techniques that can be employed
in the reconstruction process of THz holograms. One can use the
Fresnel diffraction method,”'° or if the recording is made in differ-
ent conditions, the Fourier transform method can be suitable.””

We preferred, however, the ASoOPW method as it contains no
approximations and assures proper sampling conditions; moreover,
it is relatively free of numerical errors.'” This technique allows us to
access and modify the hologram digitally in its complex distribution,
and also, it enables us to introduce changes in its spatial frequency
domain (Fourier spectrum). The angular spectrum method relies
on the assumption that any light field distribution can be decom-
posed into individual plane waves traveling at different directions.
These plane waves combine to create a complex light field distri-
bution, such as a diffractive element, a hologram. After decompo-
sition into individual plane waves, these plane waves can be digitally
propagated at a distance z to recover the complex light field at any
other location in space.” The propagation of the plane wave is sim-
ple as it has uniform amplitude and phase value changing as the sine
function together with the propagation distance.

In this section, a reconstruction of two 2D objects separated by
some distance was conducted. The hologram of the object composed
of two planes was recorded and formed a single hologram that was
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FIG. 5. Two 2D object reconstruction for two different frequencies using the PS
technique and ASoPW propagation method. (a) Scheme of the object that consists
of two 70 x 112 mm? aluminum foil sheets. The first sample has a cut-out “LT”
shape element and was placed in the first plane (85 mm from the hologram plane),
which is closer to BS2. The second sample has a cut-out “PL" shape element and
was placed in the second plane (115 mm from the hologram plane). Samples are
separated by a gap of 30 mm and are shifted vertically, so they do not overlap
(such geometry results from the small size of the letters with respect to the used
wavelength and the absence of the diffuser in the recording process). The intensity
distributions of the reconstructed images in the first and second planes are shown
in (b) and (c) for 300 GHz and (f) and (g) for 600 GHz. The corresponding phase
distributions in the mentioned planes are shown in (d) and (e) for 300 GHz and
(h) and (i) for 600 GHz.

reconstructed later. Figure 5 shows two-plane-object reconstruction
for two different frequencies using the two-step PS technique and
ASoPW propagation method.

Thus, two sets of transparent letters—“LT” and “PL”—were
mounted at two different distances—85 and 115 mm—from the

hologram plane. In the case of the two-step PS technique, two holo-
grams were recorded for two different phase shifts of the reference
beam, 0 and 7, respectively. Moreover, such a set of holograms was
recorded for the frequencies 300 and 600 GHz, which also enables
heterodyne reconstruction.'”

The better image resolution and reconstruction are obtained for
higher frequency as expected. However, one needs to note that the
width of the slits in “LT-PL” letters was equal to 5 mm (the height
of the letter is equal to 30 mm), which corresponds to only five
and ten wavelengths for each frequency, respectively. In 300 GHz
reconstructed images, significant diffraction effects are visible. As
one can see, numerical simulations that were conducted for the “EE”
sample (presented in Fig. 3) should be free from any imperfections
existing in real experimental conditions. The presented simulation
data are characterized by a strong diffraction influence even though
simulations are conducted at two times larger frequency.

The image was reconstructed at two distant planes using the
phase-shifting technique (Fig. 5) and single hologram reconstruc-
tion given in Fig. 11 of the Appendix. The uniform phase dis-
tribution inside “LT-PL” letters is consistent with the theory and
our predictions. In this experiment, no additional phase shifts were
introduced inside the sample.

Single hologram reconstruction has almost no information
about the phase, while in the PS technique, the contours of letters are
visible and the inside of the letter has a uniform level of phase—the
same in all letters but different in different image planes. Single
hologram reconstruction can give similar intensity distribution as
the phase-shifting technique, but in the case of the particular phase
shift of the reference beam—here used for PS reconstruction—it can
change the reconstructed image. As it can be seen in Fig. 11 (right),
the letter area is darker than the background, which is caused by the
7 shift in the reference beam. Such reconstruction is characterized
by the negative values of contrast related to the contrast inversion.
Thus, such reconstruction is not proper. In the case of using PS tech-
niques, the intensity image is clear and has better contrast than the
image reconstructed from the single hologram (in the case of normal
and inverted images). The contrast values calculated for each letter
area in two image planes are given in Table I1. These values corre-
spond to experimental data, and it can be seen that single hologram
reconstruction is characterized by the decreased contrast value by
~90% in comparison to the PS technique for the first plane and 70%
for the second plane at 300 GHz.

TABLE II. Contrast values for reconstructed images (calculated from the intensity distributions) for two planes (with “PL" and
“LT" letters distant 30 mm from each other) and two frequencies—300 and 600 GHz. The minus sign corresponds to the
inverted contrast—it means that the background is brighter than the letter area—see Fig. 11.

300 GHz
One hologram 600 GHz
Contrast No phase shift 7 phase shift PS PS
First plane L 3.63 -0.66 37.37 13.85
P T 4.54 -0.68 36.10 16.92
Second plane P 4.25 -0.79 14.86 8.16
P L 3.38 -0.79 13.40 6.72
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FIG. 6. Different reconstruction planes, equal to (a) 75, (b) 135, (c) 170 and
(d) 200 mm, reconstructed from the hologram for 600 GHz. For such small holo-
gram size, a large depth of field is observed under illumination with a parallel
beam.

One can notice that the size of the recorded hologram is lim-
ited to 118 x 138 mm? for 0.5 and 1 mm wavelengths. The smaller
the reconstruction area, the larger the depth of the field. This results
in the appearance of the sharp image observed in a wide range of
distances. Here, the reconstruction was conducted at distances from
the hologram from 30 to 200 mm in 5 mm steps. The image is very
similar to that illustrated in Fig. 5, which can be observed from the
distance of 75 mm up to 200 mm (further propagation was not per-
formed). This phenomenon can be seen in Fig. 6 where two exem-
plary more distant planes of the reconstructed hologram are shown.
One can see that the letter shape can still be clearly distinguished. If
strong inevitable diffraction effects (resulting from the object aper-
ture size, propagation distance, and setup aperture) are not taken
into account, the sharp image can be observed not only in one plane
but also in the certain range of distances. However, it is difficult to
evaluate them numerically even though the human eye sees the dif-
ference. Moreover, one needs to recall that in this THz experiment, a
plane wave was used both as a reference beam and to illuminate the
opaque-transparent object (without the diffuser making the phase
random).

V. RECONSTRUCTION OF THE PHASE SAMPLE
(PHASE OBJECT)

A phase object (transparent sample introducing phase changes
only) is analyzed by reconstruction with the PS algorithm (both two-
and four-step). This is illustrated through a series of measurements
of the sample with different numbers of phase shift areas at a fre-
quency of 600 GHz. The reconstruction results using two-step and
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FIG. 7. Intensity and phase distributions of the reconstructed holograms.
(a) Scheme of the object that consists of a 70 x 112 mm? aluminum foil with cut-out
“EE” shape elements. Note that one of these elements contains areas correspond-
ing to a different number of paper sheets (0, 1, 2, 3, and 4) indicated by different
colors (particular phase values) in the image. The relevant intensity and phase dis-
tributions of the reconstructed image using the two-step phase-shifting technique
are presented in (b) and (c). Additionally, a phase distribution for the four-step
PS algorithm is given in (d). The intensity distribution for the four-step technique
showed very similar intensity distribution to that of the two-step technique. To
illustrate the importance of phase differences, two PS reconstruction algorithms
are compared in (c) and (d). For better comparison, the intensity and phase dis-
tributions of the reconstructed image using a single hologram are presented in

(e)and (f).

four-step PS algorithms in the form of the amplitude and phase
distributions from the registered holograms are presented in Fig. 7.

The sample, described in Fig. 7(a), was used to illustrate the
advantages of using the PS technique. Each additional paper sheet in
the reference beam shifts the phase by 7. First, the experiment was
performed without any paper sheets between M2 and BS2 (Fig. 4),
and second, it was repeated by adding 2, 4, and 6 paper sheets,
which were intended to shift the phase of the reference THz beam
byo, %’, m,and 37", respectively. The intensity and phase distributions
were reconstructed using the two-step PS technique. The results are
shown in Figs. 7(b) and 7(c). Additionally, the phase distribution was
reconstructed using the four-step PS technique for all recorded holo-
grams [Fig. 7(d)]. The intensity distribution for the four-step tech-
nique was very similar to the intensity distribution for the two-step
one; thus, it was not plotted additionally here.

As one can see from the results, removing the DC term in the
two-step PS technique is faster because it requires only two scans,



while the four-step technique does not give much better results when
observing intensity distributions and requires two times longer time
to record the holograms. The component corresponding to the vir-
tual image forms only the divergent light field in the real image
plane. Thus, it slightly increases the noise level in the background,
which does not influence the quality of the reconstructed image sig-
nificantly.”” However, in the case of imaging (holography) phase
objects, the four-step PS technique should be used due to the fact
that it is characterized by better mapping of different phase level
areas in the sample.

Figure 8 illustrates the phase levels reconstructed from the
recorded holograms—both from simulations and experiment. The
calculations show the average values of the phase for each area cor-
responding to the different numbers of the paper sheets in both “E”
letters. Data were taken from simulations carried out in Sec. II for
two different cases—with no aperture influence (Fig. 2) and with the
small size of the hologram aperture (Fig. 3). These values are gath-
ered on the same plot and compared with the experimental results.
Three different techniques are shown—single hologram reconstruc-
tion (gray), two-step PS (yellow), and four-step PS (violet). It is
worth noting that the particular value of the phase level is not essen-
tial; however, the most important item is the tendency between
the different areas: As each area introduces different phase shifts,
the relation between the following phase shifts should be properly
mapped in both simulations and experiment. It can be easily noticed
that for single hologram reconstruction (SH), the mapping between
the phase shift (number of paper sheets) and the phase level is
not linear. The two-step PS technique, both in the simulations and
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FIG. 8. Comparison of phase levels obtained in simulations for large and small
apertures of the hologram (SL and SS, respectively) and in experimental evalua-
tion (marked as E). Large aperture simulations correspond to Fig. 2, while phase
levels for small apertures are calculated from simulation data illustrated in Fig. 3.
Each category—SL, SS, and E—contains information about results obtained from
single hologram reconstruction (SH, marked in gray), two-step PS techniques
(PS2, marked in yellow), and four-step PS techniques (PS4, marked in red and
shifted up by 50° for clarity). It can be seen that the mapping between the numbers
of papers, and thus the phase shift introduced by the object, is linearly proportional
to phase levels calculated from simulations and experiment only for the four-step
PS technique (violet). In the horizontal axis, the numbers of paper sheets are
given, which correspond to particular phase shifts introduced by the sample. 16
paper sheets correspond to 27z. “R. “E” 0" and “L. “E” 0" stand for the empty region
(0 paper sheet) inside the right and left “E” letter areas, respectively.

experiment, also does not fulfill the proper mapping between the
phase shifts introduced by the object and the calculated phase level.
In contrast, the four-step PS exhibits an advantage due to the proper
phase mapping.

VI. COMPARISON OF PHASE OBJECT IMAGCES
RECORDED BY DIFFERENT TECHNIQUES

One of the most illustrative ways to reveal the possibilities
of phase-imaging applications is to compare the obtained results
using different image recording techniques on the same sample.
For this purpose, a special sample, i.e., phase object, constructed
of differently transparent areas to introduce different phase shifts
[Fig. 9(a)], already used in phase-contrast and dark-field imaging
experiments,”’ was investigated in addition. Before proceeding to
the detailed comparative analysis, it is worth noting the following: In
the phase object, almost uniform intensity distribution in the object
plane will result in almost uniform intensity distribution in the
image plane. Such a problem exists in the 4f imaging setup shown
in Fig. 9(c); however, this setup allows us to image the whole object
plane instantly. To overcome problems with the imaging of phase
objects, additional approaches, such as focused imaging [Fig. 9(b)],
spatial filtering-based imaging [Fig. 9(d)],"" or holography, need to
be considered. Focused imaging requires raster scanning of the sam-
ple (object) plane point-by-point. The spatial filtering technique in
the 4f setup or holographic approach enables instantaneous THz
image formation, i.e., fast acquisition can be realized using a matrix
of detectors.

A comparison of the results obtained via the PS technique
with previously recorded images using point-to-point, plane-to-
plane (4f), and dark-field techniques”’ is presented in Fig. 9. One
can note the good quality of the intensity image registered using
the point-to-point technique [Fig. 9(b)], revealing also some phase
differences (edges) that can be registered using the focusing optics.
The resolution of the obtained image is in the range of wavelengths.
This results from the focal length and the diameter of the used mir-
ror, which influences the Airy disk size in the focal spot. Thus, the
smaller the focal spot, the better the resolution. However, in such a
case, the point-to-point (raster) scanning is obligatory. To accelerate
the imaging process, an array of detectors is needed, but at the same
time, it imposes the requirement of different optical setup config-
urations. The influence of diffraction effects resulting from limited
aperture size in comparison to the wavelength'* forces us to use the
large aperture optics to allow for plane-to-plane imaging (like in the
4f optical setup). This requirement can be alleviated in some appli-
cation by using small aperture size optics and shifting the object with
the detector placed on the optical axis. This solution can be quickly
improved to the plane-to-plane imaging scheme by using large aper-
ture lenses.”’ However, there is one significant drawback—spatial
filtering techniques can be applied for objects introducing the phase
shifts from the 0-7 range. Such limitation results from the theoret-
ical approximation and an assumption that the function describing
the object can be expanded into Taylor series. Nevertheless, the holo-
graphic imaging can extract the phase values within the range of
0-27 or even more, but then it requires additional phase retrieval
techniques. It should be underlined that using holographic tech-
niques, a complex light field distribution (containing information
about the amplitude and phase of the beam) can be extracted at
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FIG. 9. (a) Photograph of the imaged sample consisting of (1) gauze cloth with
different numbers of layers, (2) aluminum foil, (3) a T-shaped aperture, (4) paper
(where the second number denotes the paper sheet number), (5) rubber glove,
and (6) a low density polyethylene (LDPE) bag (two layers of the LDPE film). The
comparison of images recorded at 300 GHz by setups described in Ref. 20 with
different imaging techniques is shown: (b) direct THz image obtained with focusing
THz radiation to the sample and detector—point-to-point technique; (c) direct THz
image obtained without focusing THz radiation to the sample and detector—plane-
to-plane technique—which is the 4 f imaging setup; and (d) THz image obtained
using the dark-field filtering technique where the spatial filter is used to remove
low frequency components from the spectrum, hence allowing us to form the
image with a dark background around the sample. (e) and (f) show the intensity
and phase distributions, respectively, reconstructed from the registered holograms
using the PS technique. The sample part of paper sheets is enlarged in order to
see the phase levels. The black lines are given as the guide the eye to indicate
the phase change caused by each paper sheet. The hologram was registered and
reconstructed for 600 GHz; thus, the phase shift introduced by the same number
of paper sheets is two times larger. THz image pixel size: 0.3 x 0.3 mm?; images
are of 273 x 165 pixels.

different planes starting from the hologram plane; thus, a 3D light
field distribution can be reconstructed.

In Figs. 9(e) and 9(f), the intensity and phase distributions of
the reconstructed image are shown. As one can see, the intensity
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distribution indicates no total transparency in all areas, so the recon-
structed intensity is not uniform [Fig. 9(e)]. It is worth to recall
that in real experimental conditions, there are no ideally transparent
materials; thus, the object under test will introduce some attenua-
tion anyway. Nevertheless, the techniques enabling us to visualize
the phase are more adequate due to the fact that they allow us to
map different phase values from the object as different phase levels in
the image plane. This can be illustrated via the dark-field technique
[Fig. 9(d)] and the hologram in the form of reconstructed intensity
and phase distributions [Figs. 9(¢) and 9(f), respectively]. In Fig. 9(f),
the phase distribution reconstructed from the hologram using PS is
given with additional zoom in the inset. It can be noticed that in
Fig. 9(f), the edges of different areas are visible, and also, the phase
level inside the area is distinguishable.

In the case of imaging phase objects, special attention must
be given to a proper phase mapping between the phase shift intro-
duced by the object (sample) and the phase value calculated from
the image. On the one hand, the average value of the intensity in
the areas corresponding to the particular phase shifts was calculated
for point-to-point, plane-to-plane, and dark-field techniques. On the
other hand, the average value of the phase in the areas corresponding
to the particular phase shifts was calculated from phase distribution
in the reconstructed hologram. First three methods are supposed
to visualize phase changes in the registered intensity pattern. In the
fourth method-the hologram—a phase distribution (and amplitude)
is reconstructed from the registered intensity interference pattern.
These four sets of the data are plotted in Fig. 10, illustrating the
dependence of the phase level to the introduced phase shift. It can be
clearly seen that there is no proper mapping between the calculated
phase level and the introduced phase shifts in the experimentally
recorded intensity distributions in the point-to-point and plane-to-
plane setups. The dark-field technique (using the amplitude spatial
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FIG. 10. Comparison of different phase level mapping obtained experimentally
using different techniques. The intensity patterns are recorded for point-to-point,
plane-to-plane, and dark-field techniques—left vertical axis—which are marked
as circles in light yellow, dark yellow, and gray colors, respectively. The phase
distribution is reconstructed from the hologram and is marked as squares (vio-
let color)—right vertical axis. The dark-field (DF) technique follows the desired
change in paper sheet numbers between 1 and 4 (inversely proportional), while the
holographic reconstruction follows between paper sheet numbers 1 and 6 (propor-
tionally). It must be underlined that intensity distributions (yellows and gray) were
registered for 300 GHz (the 27 phase shift corresponds to introducing 16 paper
sheets), while the hologram (violet) was registered for 600 GHz (the 27 phase shift
corresponds to introducing 8 paper sheets), which give the proper phase mapping
range 0—3{ for the dark-field technique and 0—%" for the reconstructed hologram.



filter in the middle of the Fourier plane) forms the intensity image of
the phase object. However, this object must introduce phase changes
up to 7, while the larger phase change results in a smaller intensity
value in the image. In Fig. 10 (gray dots), the decrease in intensity
can be noticed between 1 and 4 paper sheets, which agrees well with
the theory and the applicability limits of the dark-field technique.

The hologram reconstruction of the “EE” sample (Fig. 8)
revealed the possibility to properly map all introduced 4 paper
sheets corresponding to the 0-7 phase change. Here, the 5 paper
sheet induced phase difference is properly mapped; however, one
can note that the hologram was recorded and reconstructed for
shorter wavelengths (higher frequency, 600 GHz). Therefore, the
introduced phase shift is equal to 0—57” and is properly mapped with
the phase shifts introduced by the sample. Each of the 6 different
paper sheet areas (violet squares in Fig. 10) can be distinguished
by the comparison of the average value in the reconstructed phase
distribution.

VIl. CONCLUSIONS

A two- and four-step PS technique in THz holography is devel-
oped, and its ability to reconstruct 2D and 3D transparent objects is
demonstrated. The two-step PS technique was found to be faster and
easier for application; however, it leaves some divergent light field
distribution propagating together with information about the object
to the image plane. Therefore, this technique can still influence the
phase pattern but cannot give precisely correct mapping between the
phase shifts introduced by the sample and the phase levels calculated
from the reconstructed hologram.

The four-step PS technique is preferable in the case of deter-
mining the exact phase values of the registered phase object. It
requires more recording time; however, it exhibits the advantage of
the proper phase mapping. For instance, in this article, we demon-
strated that within the 0-2 range, the introduced phase changes
and distributions can be reconstructed from the hologram using PS
techniques.

A comparison of two-step and four-step PS approaches was
demonstrated. Purely amplitude objects (not introducing phase vari-
ations in the sample plane) can be accurately holographed using the
two-step technique, which is two times faster and is characterized
with two times larger contrast than single hologram reconstruction.
Moreover, the average value of the background in the case of single
hologram reconstruction is reduced up to five times when using the
two-step PS technique.

To highlight possibilities given by holographic registering of
objects and their digital reconstruction, the comparison of the holo-
graphic imaging with other methods was given. Holographic imag-
ing gives the information about amplitude and phase distributions
in all planes after the hologram, i.e., the complex field can be recon-
structed. Another interesting technique—spatial filtering (the dark-
field method)—enables the mapping of phase values introduced by
the sample into the intensity pattern in the image plane. Such image
formation is possible due to the introduction of an amplitude filter
in the Fourier plane of the 4f optical setup. This method is limited
only to the mapping phase changes from the 0-7 range. The holo-
graphic method can give a phase difference range of 0-27, and in the
case of using additional phase retrieval methods, it is even higher.

The plane-to-plane and point-to-point methods are given as
references. The former illustrates how the image is formed in a typ-
ical 4f setup by suppressing diffraction effects arising from the lim-
ited aperture of optical elements by placing the detector in the mid-
dle of the optical axis and shifting the sample in the object plane. This
method does not provide proper information about the phase levels
introduced by the sample. The latter describes the raster scanning
method using a focused beam—on both the sample and the detec-
tor. This method displays good resolution resulting from the size of
the focal spot illuminating the sample. It enhances edges and small
changes in the sample. However, it does not provide proper map-
ping of the phase introduced by the sample with registered intensity
values.

To summarize, the holographic methods of imaging give the
whole variety of possibilities of forming reconstructed images and
visualizing both amplitude and phase changes introduced by the
sample. Only in the case of phase reconstruction from the in-line
digital hologram using the four-step PS technique, the different
phase level areas can be discriminated, indicating that the bound-
aries of THz imaging and digital holography”” can be extended, in
particular in the application of imaging of phase objects transparent
for this particular range of radiation.
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APPENDIX: SINGLE HOLOGRAM RECONSTRUCTION

To compare the hologram reconstruction using the PS tech-
nique and the simple hologram reconstruction for 300 GHz, one
needs to analyze the reconstructed images from the hologram
recorded with no phase shift in the reference arm and with the 7
phase shift. Such a phase shift was realized by four layers of paper,
glued together, and introduced in the reference arm. It can be seen
that reconstructed two-plane-images [Figs. 11(e) and 11(f)] for both
holograms have inverted contrast (violet) in relation to those in
Figs. 11(a) and 11(b) resulting from the recording with 7z-shifted
reference beams. The phase distribution seems to be more uniform
and thus less distinguishable than for the PS technique (illustrated in
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Reconstruction from single hologram
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FIG. 11. Amplitude (a, b, €, and f) and phase (c, d, g, and h) distributions of
reconstructed images for both planes for each hologram separately for 300 GHz
(single hologram reconstructions). (a)—(d) Without the phase shift introduced in the
reference arm and (e)-(h) with the 7z phase shift introduced.

Fig. 5). The quantitative comparison of single hologram reconstruc-
tions with the one using the two-step PS technique is described in
Sec. V.
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