Journal of Infrared, Millimeter, and Terahertz Waves (2020) 41:685-696
https://doi.org/10.1007/510762-020-00696-0

®

Enhanced Sub-wavelength Focusing by Double-Sided Check -
Lens with Phase Correction in THz Range apaaes

M. Rachon' @ - K. Liebert' - D. B. But?? . P. Zagrajek* « A. Siemion" -
A. Kolodziejczyk' + M. Sypek’ - J. Suszek’

Received: 8 January 2020 /Accepted: 30 April 2020 / Published online: 13 May 2020
© The Author(s) 2020

Abstract

High capacity radio lines operating in the sub-THz and THz ranges often require very
efficient optical elements with a focal length to an aperture diameter ratio—f-number—
less than 1. Here, we propose a new type of double-sided sub-THz focusing diffractive
optical element with f-number equal to 0.2, designed for quasi-monochromatic illumina-
tion with carrier frequency equal to 170 GHz. The element is manufactured by 3D
printing technology. Its focal spot diameter defined as the Airy disc size is comparable
to the used wavelength. In order to optimize numerically the phase distribution on the
anterior side of the structure, we proposed a novel idea based on reversal of phase
distribution in outer zones with additional constant phase factor (a method called free
form phase distribution, FFPD). Moreover, we applied the modified numerical algorithm
to obtain an additional phase correction in a form of a corrective kinoform placed on the
posterior side of the diffractive system. The resulted diffractive structure, illuminated by a
quasi-plane wave, forms an extremely small focal spot. The paper presents the technical
and the theoretical backgrounds, the results of the computer simulations and finally the
experimental results.
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1 Introduction

The number of applications for sub-THz and THz radiation is constantly growing. It spreads
from medical applications and the cancer analysis [1], through telecommunication [2, 3], drugs
and explosives detection [4], non-destructive testing during production process
(http://terasense.com/terahertz-technology/terasense/), to safety measures and agriculture [5].
Due to its non-ionizing character, relatively good spatial resolution and penetration of different
media, the THz spectrum of electromagnetic radiation is a constant subject of new research. It
is estimated that the size of the THz application market will dynamically grow with each
subsequent year (https://www.tematys.fr/reports/en/index.php?controller=attachment&id
attachment=2).

The application of the current work is focused on the telecommunication area. In the case of
high capacity (high bit rate) radio lines, it is extremely important to achieve a very efficient
concentration of THz radiation on the detector. For the considered wavelengths, the size of the
detector is often several dozens of micrometres. Thus, it is necessary to concentrate the
incoming radiation into a small spot with a size of the wavelength or smaller. Many methods
have been proposed to overcome resolution limit and achieve focal spot with size varying from
N5 [6] to even \/38 [7].

Generally, one of the three solutions can be used: reflective, refractive or diffractive optics.
Focusing the incoming radiation into detector antenna can be obtained by the usage of mirrors
[8], which are highly efficient and do not exhibit chromatic aberration. Mirrors are very often
used for centimetre waves. However, taking into account the vast field of the THz applications,
optical mirrors that are expensive, not compact and difficult to adjust, do not meet all the
requirements. The next solution is to use refractive lenses, broadly used in the THz range [9],
but to form the sub-wavelength focal spot, their shape should be hyper-hemispherical like [10].
Keeping in mind that the diameter of such lens focusing millimetre waves is typically greater
than 5 cm, the thickness of the lens is also of order of centimetres. It results in a significant
attenuation in the volume of the lens (in case of polytetrafluoroethylene, PTFE or high-density
polyethylene, HDPE) or in an extremely high cost of the less absorbing material (like high
resistivity-silicon, HR-Si).

The other approach to overcome the diffraction limit is based on the gradient index micro-
lens arrays designed as the metamaterial structure. They can preserve evanescent waves [11]
and provide extremely small focal spot. However, the energy transmission of such structures is
very low, limiting their practical application. Use of the sophisticated metamaterials and
increasing complexity of the structures offers possibility to increase the energy efficiency of
such elements [12—14], which still remains low. The other described in literature methods used
to overcome the resolution limit relies on micro-lenses arrays [15] or manipulation of source
coherence [16]. They enable to improve focusing but exhibit a number of disadvantages like
high complexity, low energy efficiency, fragility and high production costs.

The method proposed in the current paper is based on diffractive optics. Diffractive
elements are relatively thin, so they are lighter than refractive ones. Additionally, they require
using less material and have lower attenuation in the volume. Moreover, diffractive elements
designed for the THz radiation are often relatively cheap in manufacturing (3D printing,
injection moulding). However, designing and manufacturing an efficient diffractive structure
operating at high diffraction angles creates many challenges as, e.g. suppression of geometrical
aberrations and the shadow effect [17].
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The aim of this work is to design a diffractive structure effectively focusing THz radiation.
A general method based on the use of the phase correcting kinoform was already described
[18]. A thorough analysis of the obtained focal spots leads to the conclusion that a volumetric
form of the corrective element introduces unwanted aberrations and, therefore, the focusing
efficiency is reduced and the focal spot has much larger dimensions in comparison with its
theoretical dimensions (calculated for the diffractive limited structure—Auiry disc size). For this
reason, this article presents improved methods of the structure design based on the following
two modifications. Firstly, the corrective kinoform is designed according to an algorithm that
takes into account its volumetric nature and limits its aberrations. Secondly, the modification
concerns the improvement of the energy efficiency of the diffraction structure by taking into
account the shadow effect. The shadow effect [17] crucially decreases diffraction efficiency in
case of large deflection angles. Therefore, the diffractive focusing element with a high
numerical aperture (small value of the f-number) has significantly reduced energy efficiency
in the outer part, corresponding to the large deflection angles. Such drawback causes additional
aberrations reducing quality of focusing. Thus, to suppress this unwanted effect, in this work,
the use of the novel diffraction structure called free form phase distribution (FFPD) is
proposed. The usefulness of the proposed modifications has been verified by numerical
calculations and experiments for systems with a very large numerical aperture, corresponding
to the number f-number equal to 0.2.

2 Basic Algorithm

For clarity, we present the general principle of focusing performed by the diffractive structure
described in Ref. [18] and illustrated in Fig. 1. The system consists of the following three parts.
A flat-parallel substrate of a thickness d with two kinoform elements placed on the anterior
side A (K,) and posterior side B (Kg). The former corresponds to the converging lens, while
the latter to the corrective kinoform. A plane wave incident perpendicularly to the substrate is
transformed into a spherical wave, converging in the point P, distant by £, from the side A. The
substrate and both kinoforms are made of material with a refractive index n. Neglecting this
refractive index and assuming propagation in air, the THz fields in the planes A and B
correspond to the following non-paraxial transmittances of thin lenses [19, 20]:

Fig. 1 The diffractive system PLANE A B
focusing incident plane wave into WAVE ] —
the point P is consisted of a flat- —

parallel substrate and two 3

kinoforms K, and Ky
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Ta(r) = Kt = ¢ VP41 (1)

T(r)=e*Vrs, 2)

where k=27/\, X\ is a wavelength of THz radiation, f=f;—d and r is the radial coordinate in
the polar coordinate system. The function 7;(r) defines the transmittance of kinoform Kjy;
however, assuming its volumetric nature and the refractive index of the substrate (1> 1), the
THz field in the plane B differs from that described by the transmittance 7(r). According to the
numerical analysis, this field has a negligible variable amplitude and can be defined as the
following phase field:

T (r) = &%, (3)

where ¢ is the phase of radiation after propagation by the kinoform K, and the substrate.
Therefore, to obtain the field described in Eq. 2 behind the kinoform Kg, its transmittance
should be expressed as follows:

Ty(r) = T1" (n)T(r), (4)

where the symbol * denotes complex coupling. This algorithm, proposed in Ref. [18], assumes
the infinitely thin corrective kinoform Kp. In reality, it is a volumetric structure, introducing a
phase shift of up to 27, with the following maximal relief height:

)
Pnae = . 5
1 (5)

Therefore, kinoform Kpg introduces additional aberrations resulting in less effective
focusing than assumed. This basic algorithm was verified in Ref. [18] and enabled to
increase the radiation intensity in an assumed focal point, but the focal spot size was
much larger in comparison to theoretical predictions. For previously described struc-
tures [18] with the diameter of 50 mm and a focal length of 50 mm (f-number=1),
designed for 300 GHz, manufactured from polyamide (PA12, by selective laser
sintering) with a refractive index n =1.64 and an absorption coefficient a=0.27
cm™! (@ 300 GHz), we observed evident focusing improvement [18]. The intensity
peak value in the focal spot was increased almost twice (1.79%). Nevertheless, a
diameter of the Airy disc equal to 4.20 mm was substantially enlarged in respect to
the diameter 2.44 mm predicted theoretically in the case of the number f-number
equal to 1 [21].

In order to avoid aberrations of the corrective kinoform (Kp), its relief should be
possibly low, slowly varying and easy to manufacture. In practice, this means the best
possible mutual matching of the functions 7)(r) and 7(r). To resolve this issue, we
propose the algorithm modifications, described in the following two sections.
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3 Modified Algorithm

The simplest approach based on the geometric optics and the paraxial approximation leads to
the conclusion that the substrate with a thickness of d and a refractive index n increases the
focal distance (Fig. 2). If the field behind the kinoform K, corresponds to a convergent
spherical wave with the radius of curvature f), then behind the plane B of the substrate, we get
focusing with the enlarged focal length equal to f+ Ax, where Ax=d(n— 1)/n.

Based on this simple example, it can be assumed that the volumetric nature of both the
kinoform K, and the substrate shift the focal spot further along optical axis—from the
expected point P to the point P’ (Figs. 2 and 3). In this case, the function 73(r) defining the
corrective kinoform transmittance (Eq. 4) is best matched to the function 7(r) when it is
defined by the phase of the THz field propagated in air to the plane C located at a distance x
behind the plane B. Numerical analysis confirms this assumption. Therefore, the modified
algorithm for determining the transmittance of the corrective kinoform Kpg is based on the
selection of the optimal distance x. As a criterion to determine this distance, we have chosen
the maximal intensity in the assumed focal point P. The optimal distance x cannot exceed the
theoretical maximal thickness 7, of a relief of the kinoform Ky (Eq. 5). Numerical calcu-
lations are made for distances x with values x,, = A,,,,/m/M, where M is a sufficiently large
natural number and m =0, 1, 2,..., M.

4 Free Form Phase Distribution (FFPD) Element

The second proposed modification concerns the kinoform K, generating a spherical wave
with a radius of curvature f; (Fig. 1). The kinoform K, with a small f-number (less than 1)
results in small widths of outer zones which become comparable or smaller than the maximal
relief height 4.« (Eq. 5). In this case, the shadow effect, described in Ref. [17], starts to play a
significant role. Most of the THz radiation incident on the kinoform is redirected in (— 1)
instead of (+ 1) order of diffraction. Therefore, the outer part of the kinoform K, has a very
low diffraction efficiency. This introduces additional aberrations, resulting in a substantial
difference between the THz field in the plane A and the expected spherical convergent wave

Fig. 2 According to the paraxial A“
approximation (<< 1 and B<< 1) &}\
the substrate shifts the

convergence point of the incident
spherical wave by Ax

@ Springer



690 Journal of Infrared, Millimeter, and Terahertz Waves (2020) 41:685-696

Fig. 3 Transmittance of the A B
corrective kinoform is defined by PLANE 17 .C
the THz field in the plane C WAVE |
resulting after propagation by the >
kinoform K, the substrate and a |
distance x in air I
| PP
— e S [y S e o===
1 - f
I I
— I I
| | ) f=fed |
X

described by (Eq. 1). The proposed modification assumes the design of the kinoform K, as the
free form phase distribution (FFPD) element, patented lately by the authors [22]. A scheme of
the FFPD structure is shown in Fig. 4. Its central part is a classic kinoform generating the
spherical convergent wave, while the outer part of the structure is designed for the spherical
divergent wave with the same radius of curvature f). As a result of the shadow effect, this
divergent field is transformed into the expected field converging into the point P (Fig. 1). Both
converging waves interfere with each other, and in order to ensure a constructive interference,
the outer part contains an additional phase retardation. This phase shift and the optimal
dimensions of the central and outer parts are numerically determined in order to get maximal
light field intensity in the focal point P, assuming propagation in air behind the plane A
(Fig. 1).

5 Numerical Modelling Results
Modelling algorithm was based on wave optics approach and included non-paraxial propaga-
tion effects. The propagation was calculated using angular spectrum of plane waves method

(ASPW) with additional assumptions like larger calculation matrix to suppress numerical edge
effects, propagation kernel not simplified to paraxial approximation and change of the

Phase distribution reverse

Fig. 4 An illustration of the FFPD principle. The reliefs of different geometry in the central and the outer part of
the element are designed for a convergent and a divergent wave, respectively. According to the shadow effect
both parts form fragments of a spherical convergent waves with the same curvature radii. The additional substrate
in the outer part enables constructive interference of these waves in the assumed focal point
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refractive index while propagation through different media. Mostly, introducing any optical
elements into the simulated optical setup results in multiplying particular light field distribution
with transmittance of this element and takes place in one plane. It is assumed that element
introduces particular phase shifts but is ideally flat. In case of real structures, this condition is
not fulfilled anymore; thus, we propose using different approach to ASPW method. We
assume that introduced phase distribution is not planar but has particular thickness (either
calculated from Eq. 5 or being a particular constant thickness in case of substrate). A volume of
the entire diffractive structure is divided into thin slices. The propagation of the light field
between slices (in the volume of kinoform K,, substrate and free space) was calculated using
the non-paraxial approach of the modified convolution method (MCM, corresponding to
ASPW method) [23, 24] including evanescent waves in the kernel. After such process, we
obtain amplitude and phase distributions after the real structure (lens or FFPD element) that are
different from assumed transmittance of the element. Thus, there is a need to correct it, adding
transmittance at plane B. To obtain better results in simulations, we also assumed the existence
of the substrate layer, which influenced phase distribution of the corrective kinoform. Then,
using the modified algorithm air space behind the plane B was divided into M = 32 slices each
0.09 mm thick, in order to find an optimal position of the plane C (Fig. 3). Finally, we have
chosen the distance x providing the maximal intensity in the assumed focal point P.

For comparative purposes we performed numerical simulations for the following four
diffractive structures, all having the focal length equal to f; =20 mm and diameter D =
100 mm:

(1) Lens (Kp)—the basic focusing system without the corrective kinoform Kg. It consists of
the classical kinoform K, with the transmittance defined by Eq. 1 and the substrate
(Fig. D).

(2) Lens + Correction (K, and Kg)—the focusing structure consisting of the classical
kinoform K, with the transmittance defined by Eq. 1, the substrate and the corrective
kinoform Ky designed according to the modified algorithm (Fig. 1).

(3) FFPD element (Kgppp)—the focusing structure without the corrective kinoform. It
consists of the kinoform analogical to K, with the transmittance defined by Eq. 1, but
designed as the FFPD element, with added substrate. It is named Kgppp.

(4) FFPD element + Correction (Kgppp and Kcor)—the focusing structure consisting of the
kinoform Kggpp and the corrective kinoform analogical to Ky designed according to the
modified algorithm and named K¢og.

The numerical modelling was conducted on a 4096 x 4096 pixel matrix with sampling of
117 um in both directions. Modelled structures were equivalent to the real ones made by laser
sintering from polyamide 12 (PA12) [5]. We have taken into account volumetric nature of the
kinoforms K, Kg and the substrate (Fig. 1). Pixel size was chosen basing on the available
voxel size of the 3D printing machine (SLS process). In this article, the structures were
designed for a wavelength equal to A =1.76 mm in air which corresponds to a frequency of
170 GHz. Measured samples of the PA12 have the refractive index n = 1.59 and the absorption
coefficient o« = 0.25 cm™! for this frequency. Then, the 27t phase shift realized by the kinoforms
corresponds to their maximal thickness equal to /i, =2.98 mm. The assumed structure
parameters are as follows: the focal length f; =20 mm, the diameter D =100 mm and the
thickness of the substrate d = 1 mm.
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The phase distributions of selected kinoforms of these four structures are illustrated in
Fig. 5. In order to evaluate efficiency of focusing, we measured maximal intensity at an
assumed focal distance behind the structure. The value of the measured intensity for the basic
structure (1) has been normalized to one, and the intensities generated by other structures are
presented in reference to it: 2.76, 2.64 and 3.35 for the structures 2, 3 and 4, respectively.

a) Lens - Ka b) Correction - Ks

21 I) 2n
g | o= [
& fti B 1o | (LRI H ~
0,81 E o 08n ,Zﬂﬂy“ M
0,41 | li !\H'HH'H\H 0,4m | A “lullmu, IW\.}}H(
10 20 30 40 10 20 30 40
R [mm] R [mm]

c) FFPD element Krrpp  d) Correction - Kcor

21

I
VI 2 |
3 . l::‘ \1"‘ \‘ [0} 1,61 | ]
© 1,21 W] v . | ol ’
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0,41 Wil I _ l.l‘l
LU T oam /i |
10 20 30 40 0 a0 30 o
R [mm] R [mm]

Fig. 5 An illustration of the phase transmittances of a kinoform K, in the basic structure (1), b corrective
kinoform Ky in the structure (2), ¢ kinoform Kggpp in the structure (3) and d corrective kinoform Kcog in the
structure (4). Black colour represents O7 phase shift, while white denotes 27 phase shift. Cross sections illustrate
the details of phase distributions of a kinoform where a bottom line represents O phase shift and a top line
denotes 27 phase shift. Red dashed line indicates the radius dividing the structure to inner and outer zones. In ¢ an
inverted zones in the outer zones are visible
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According to simulation results, corrective kinoforms designed by the modified algorithm
substantially enhance focusing efficiency. The structures (2) and (4) increase the maximal
intensity 2.76 and 3.35 times, respectively. It is a clearly better result than in a case of
application of the basic algorithm described in Ref. [18], when the corrective kinoform
improved this intensity only by 1.79 times. The use of the FFPD element as the kinoform
on side A considerably modifies structure of the corrective kinoform Kcor. Comparing Fig. 5b
and d, its relief is lower and more smooth with notably smaller fluctuations. It is an important
advantage, because such structure is easier for fabrication which in turn limits possible
unwanted aberrations of the corrective kinoform caused by technological imperfections.
Moreover, the highest intensity corresponding to the structure (4) suggests that application
of the FFPD element supress aberrations and improves diffraction efficiency of the kinoform
on side A.

6 Experimental Results

The experimental setup (illustrated in Fig. 6) consisted of a VDI multiplier as a source with a
pinhole for quasi-spherical wave creation. At a distance of 1 m, a semi-plane wavefront was
formed. The XY plane was scanned by the single GaAs HEMT detector.

In the experiment, the four described and numerically modelled structures were examined.
Diffractive elements were fabricated with selective laser sintering process (SLS) on EOS
GmbH machine. This additive manufacturing process sinters material, in this case powdered
polyamide PA12, with the use of laser. Voxel size of used 3D printing technique is 39 pm x
39 um in x- and y-axes. Growth layer thickness in case of HD printing mode is theoretically
equal to 30 um. The sampling used in modelling was equal to 117 um which corresponded to
three voxels of a 3D printer in order to obtain the correct printout and quality. The tolerance of
used machine was 0.3%, and theoretical final accuracy was in the 0.05 to 0.1-mm range.

STL models o of the kinoforms manufactured from polyamide PA12 with the laser sintering
3D printing method are presented in Fig. 7. Maximal intensity values of focal spots for
numerical simulations and experimental results are shown in Fig. 7 (yellow inset in each
graph). The maximal intensities corresponding to the structures were referred to the structure

A

] XY detector
structure plane
|

" |
semi plane wave |

THz
source

detector

focal
distance |

|

|

|
>t
g >

|

Tm

Fig. 6 The scheme of the experimental setup using fast and sensitive GaAs HEMT detectors
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(1) with the lowest efficiency, generating the maximal intensity normalized to 1. Figure 7
presents 2D intensity distributions measured experimentally in focal planes of the four
analysed focusing structures.

The diffraction limit defined by the Rayleigh criterion [21] is given as follows:

1.22DWL
-~ sin(a)

(6)

where / is a diameter of the first intensity minimum of the focal spot, « is the maximal angle of
deflection realized by the focusing system and DWL denotes a designed wavelength equal to
1.76 mm in our case. Generally, assuming the fixed DWL, dimensions of the focal spot
increase with the f-number = fj/D. Particularly we obtain the following diameters:

1.22-1.76
4———753i;——A472.3nun (7)
1.22-1.76
— Ry,
0.45 TTmm (8)

in case of a f-number equal to 0.2, used in the design of the analysed focusing systems (Eq. 7),
and for comparison in case of a f-number equal to 1, corresponding to our previous systems
described in Ref. [18] (Eq. 8). White circles in Fig. 7 illustrate diffraction limits, and they have
diameters determined by Eqgs. 7 and 8.

The biggest difference between numerical modelling and experiment can be observed for
the structure (2). This result coincides well with remarks given in the former section. In this

a) Structure 1 b) Structure 2 c) Structure 3 d) Structure 4
Lens Ka Lens Ka + Correction Ks Lens Krrro Lens Krrrp + Correction Kcor

Ka Ka KrrpD G

side A

none

side B

none

X [mm] X [mm] X [mm] X [mm]

Fig. 7 The photographs of manufactured structures. The comparison of experimental focal spots formed by the
following four analysed diffractive structures: a structure (1) Lens (Kj), b structure (2) Lens + Correction (K
and Kp), ¢ structure (3) FFPD element (Kggpp) and d structure (4) FFPD element + Correction (Kggpp and Kcog)-
The white circles illustrate diffraction limits defined by Eq. 7 (solid line) and Eq. 8 (dashed line). Yellow insets in
graphs corresponds to the maximal intensity values of focal spots for numerical simulations (S) and experimental
(E) results
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case, the kinoform K, suffers the shadow effect inducing aberrations and decreasing diffrac-
tion efficiency (Fig. 5a). Then the corrective kinoform has a high relief with strong fluctuations
(Fig. 5b) which causes imperfections of the structure during 3D printing process. In turn these
imperfections introduce additional aberrations and substantially disturb expected focusing.
Moreover, experiments confirm our assumptions that the most efficient focusing provides the
structure (4) consisting of the FFPD element and the corrective kinoform designed according
to the modified algorithm. The improvement of the maximal intensity (2.89%) is clearly better
than in a case of application of the basic algorithm described in [18] (1.79%), and it coincides
quite well with the improvement calculated numerically (3.35x).

7 Summary

This work describes a diffraction structure focusing effectively THz radiation and consisting of
two kinoforms separated by a substrate in the form of a flat-parallel plate. The general idea of
such a structure with additional correction was described in Ref. [18]. To improve focusing, the
following two enhancements have been made to the design of the applied kinoforms. The
kinoform on the anterior side was designed in a novel form as the free form phase distribution
(FFPD) element, limiting the shadow effect and appearing in outer parts of diffractive
structures with large numerical apertures. Moreover, the posterior side with a corrective
kinoform was designed according to the modified algorithm, taking into account the volumet-
ric nature of the structure.

Frequently, in order to efficiently detect light in the THz range, it is necessary to focus the
incident radiation on a detector with sub-wavelength dimensions. Therefore, we have analysed
numerically and experimentally the diffractive structures with a very large numerical aperture
corresponding to the f-number equal to 0.2, much smaller than that characterized structures
described in Ref. [18] (f-number equal to 1). According to the obtained numerical and
experimental results, the modifications substantially reduce system aberrations and facilitate
the fabrication of the corrective kinoform. Due to larger numerical aperture, it was possible to
achieve a much better improvement of radiation intensity in the assumed focus compared with
the method described in Ref. [18] — 2.89 and 1.79 times, respectively. According to experi-
mental results shown in Fig. 7, the used of small f-number equal to 0.2 effectively decreases
dimensions of focal spots. Radiation intensity captured by the THz detector is located entirely
in an area predicted by the diffraction limit defined according to Eq. 6 (white solid line circles
in Fig. 7). It is a substantial progress in comparison to results obtained for a greater f-number
equal to 1 and diffractive structure based on classic kinoforms and the basic algorithm given in
Ref [18]. In previously described case, the measured diameter of the focal spot (4.2 mm) was
substantial larger than that predicted by the diffraction limit (2.44 mm). Moreover, according
to Fig. 7 radiation intensity within a focal spot depends strictly on design of applied kinoforms.
The best focusing provides the structure consisting of a kinoform Kggpp and a corrective
kinoform Kcor designed by the modified algorithm (Fig. 7d). According to the obtained
numerical and experimental results, such a structure enables sub-wavelength effective focusing
of THz radiation.
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