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A B S T R A C T   

We report on resolution enhancement of sub-terahertz (THz) images by using the terajet effect. A mesoscale 
cuboid dielectric particle, used to establish the terajet, was placed in front of an object located at the focus of the 
THz beam. The object under study was based on a printed circuit board (PCB) perforated with different holes 
with diameters ranging from 1.8 to 3.0 mm and separated from each other by a distance that varies from 0.25 to 
4 mm. The sample was illuminated by a continuous wave source at a frequency of 0.3 THz and the image was 
obtained using a sensor based on a strained-Si Field-Effect Transistor. The image was formed pixel-by-pixel in a 
transmission mode configuration. A clearer image with enhanced resolution was obtained when the mesoscale 
cube was introduced in the optical path. The terajet effect made possible to resolve a separation between holes of 
around 0.5 mm (lower than the wavelength, 1 mm), that is, below the diffraction limit. The method described is 
easy to implement, cost effective and could be used to improve the resolution of any real imaging system.   

1. Introduction 

Terahertz (THz) technology has gained increasing interest in the last 
decades due to its potential applications [1,2] like: inspection and se
curity (most of materials are transparent to this radiation), communi
cations (possibility of very high data rate transmission), spectroscopy 
(many chemical species have spectral fingerprints in the THz region), 
etc. The THz region of the electromagnetic spectrum is located between 
the infrared and the RF/microwaves ones and, accordingly, the THz 
region bridges Electronics (limited by the cut-off frequency of transis
tors) and Photonics (limited by the low energy of photons). Imaging is 
among the most sought applications that THz technology [3] and refs 
therein] can enable in medicine, biophotonics, inspection and security 
[4–7]. Nevertheless, THz imaging suffers from low spatial resolution as 
compared to imaging in the UV and visible spectral ranges due to its 
comparatively large wavelength (0.3–3 mm (0.1 − 10THz)) and the 

fundamental diffraction limit. Different techniques were proposed to 
improve the resolution like near-field scanning [8], aspherical lenses 
[9], solid immersion [3,10], THz microjets with dielectric spherical 
particles [11], neural networks [12], structured illumination [13] and, 
also, the use of different methods of numerical analysis [14–17]. Very 
recently, a wide field of view aspheric lens with a diameter of 264 mm 
has been used in a THz imaging system at 0.1 THz allowing rapid im
aging with extended depth-of-field (DOF) to 85 mm [18]. Also, recently 
the terajet effect was proposed and demonstrated to improve the effi
ciency of the coupling of the electromagnetic radiation and, hence, to 
increase both the sensitivity of terahertz detectors [19–20] and the 
spatial resolution of the THz imaging systems [21–22]. The physics of 
the formation of a sub-diffraction spot of a mesoscale particle (di
mensions about 1 to 5 times the size of the wavelength) of an arbitrary 
three-dimensional shape is based on the well-known effect of a photonic 
jet (in this paper a photonic jet in the THz range), a specific type of 
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meziani@usal.es (Y.M. Meziani).  

Contents lists available at ScienceDirect 

Optics and Laser Technology 

journal homepage: www.elsevier.com/locate/optlastec 

https://doi.org/10.1016/j.optlastec.2023.109540 
Received 22 November 2022; Received in revised form 20 January 2023; Accepted 26 April 2023   

mailto:jaime.calvo@usal.es
mailto:juanandn@usal.es
mailto:ovminin@tpu.ru
mailto:elhadjabidi@usal.es
mailto:mferrand@dcom.upv.es
mailto:k.fobelets@imperial.ac.uk
mailto:js@usal.es
mailto:ivminin@tpu.ru
mailto:meziani@usal.es
www.sciencedirect.com/science/journal/00303992
https://www.elsevier.com/locate/optlastec
https://doi.org/10.1016/j.optlastec.2023.109540
https://doi.org/10.1016/j.optlastec.2023.109540
https://doi.org/10.1016/j.optlastec.2023.109540
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlastec.2023.109540&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Optics and Laser Technology 164 (2023) 109540

2

electromagnetic beam focused in the near-field area of the particle [23]. 
It’s formed upon the incidence of a plane wave on the arbitrary particle 
(a cuboid-shaped mesoscale particle in this work). The radiation prop
agates through the particle and near its edge with a phase velocity 
higher at the edge than in the centre. The focused beam has the 
advantage of being smaller in size (could be smaller than the diffraction 
limit) and with higher intensity than the original one. In general, this 
effect provides a simple method to improve the focusing of the THz 
beam by simply placing a low-loss dielectric particle with wavelength- 
scaled dimensions in front of the detector. This makes possible to 
localize the radiation incident on the detector to sub-wavelength vol
umes and, thus, overcoming the diffraction limits, matching the size of 
the field localization region and the size of the sensitive part of field- 
effect transistors (FETs) or point-contact detectors. It was demon
strated the terahertz scanning microscopy feature at 0.3 THz using a 
dielectric cuboid probe [24]. 

In the present work, we report on an experimental demonstration of 
the resolution enhancement of THz imaging systems using the terajet 
effect at 0.3THz (λ = 1 mm). A three-wavelength length particle (in the 
present case, a Teflon cube) was used to localize the incident radiation to 
a subwavelength volume and focus the beam directly onto the object. A 
strained-silicon modulation FET was used as a direct detector of the 
incident beam. A clear improvement of the resolution of the terahertz 
image was obtained when the cube was placed in the focal point of the 
THz beam in front of the object. The terajet effect made possible to 
distinguish two holes separated by 0.25 to 0.5 mm (0.2⋅λ − 0.4⋅λ) in air, 
which is beyond the Rayleigh’s criterion, with an enhancement contrast 
up to 14. This demonstrates the ability of the method to simultaneously 
overcoming the diffraction limit and enhancing the spatial resolution of 
terahertz imaging systems. 

2. Methods 

The schematic description of the imaging setup is shown in Fig. 1-(a). 
The continuous wave terahertz source is based on a solid-state harmonic 
generator with an output power of 6 mW at 0.3 THz. The emitted power 
was measured close to the output of the source using a highly calibrated 
pyroelectric detector (it’s a THz-20 from SLT Sensor with an aperture of 
20 mm and responsivity of 140 V/W at a frequency of 1.4THz. The de
tector was calibrated at the National Metrology Institute of Germany1). 
A visible Light Emitting Diode (LED) in combination with an indium tin 
oxide (ITO) mirror was used for the alignment of the THz beam. This 
latter was optically modulated by a chopper at a rate of 298 Hz and used 
as the reference for a lock-in amplifier (a Stanford Research SR830 lock- 
in amplifier with a 10 MΩ input impedance and sensitivity of 2 nV). The 
THz output beam was firstly collimated and focused into the sample by a 
planar mirror followed by two gold-coated off-axis parabolic mirrors 
(OPM1 & 2). Fig. 1-(b) shows the beam spot where no cube was intro
duced in the optical path. Here, to improve the imaging resolution, a 
Teflon mesoscale particle (the material was manufactured by Bron
cesval2) shaped as a cube with 3 mm edge length was placed in the first 
focal point of the beam, after the OPM2, and in front of the sample under 
imaging. The cube was fabricated using a computer numerical control 
(CNC) machine on a Teflon base with a thickness of 1 mm. Teflon is a 
common material widely used in the terahertz range because of its low 
absorption loss in this range. It’s also possible to use other type of 

Fig. 1. (a) Schematic description of the imaging setup with the separation distances between the different components. The distances d1, d5 and d5 are the focal 
points of the OPM1, OPM2&3 and the OPM4, respectively. The THz image was pixel-by-pixel generated in a transmission configuration. (b) The measured spatial 
beam profile of the THz spot without the use of the cuboid and (c) the illustration of the terajet effect and the manufactured PCB with hole diameters and their 
separation. The following abbreviations were used, OPM: Off-axis Parabolic Mirror, ITO: Indium Tin Oxide, FET: Field Effect Transistor, LED: Light Emitting Diode. 
(single column fitting image) (colour should be used for this figure in print). 

1 More info in https://www.pyrosensor.de/Standard-924644.html.  
2 https://www.broncesval.com/en/plastics-technicians/ptfe-teflon-polytetra 

fluoroethylene/ The properties of the Teflon subsequently used in simulations 
were: refractive index n= 1.41 [25], permittivity, εr, of 2.05±0.01 and a low 
loss tangent of (2.7±0.2)×10-4 measured at 84GHz [26]. 
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materials like Polystyrene [27] and paraffin, among others. The study of 
the photonic jet (so-called terajet in the THz range) has been performed 
in the optical range of the electromagnetic spectrum using different 
structures: micro two dimensional scaled cylindrical [28] and three 
dimensional spherical [29] dielectrics. It was demonstrated in [30] that 
the beam spot localization depends upon the refractive index of the 
material. By increasing the refractive index (n), the terajet beam moves 
inside the particle while for smaller n, the beam is driven off the particle 
and exhibits a reduced power density. A cuboid made of Teflon (n = 1.4) 
[30] allows to achieve high intensity maximum of the terajet beam 
power that is located at the shadow of the particle. 

The THz beam was again collimated and focused a second time into 
the detector by using OPM3 & 4. A strained Si/SiGe modulation FET 
(MODFET) [31–32] was used to detect the 0.3 THz radiation. This de
vice has been actively investigated and validated as an efficient room 
temperature detector. It shows competitive responsivity (~5V/W), low 
noise equivalent power (NEP) (~100 pW/Hz1/2) and fast time response 
[33]. The photoresponse signal generated by the incoming THz radia
tion was collected on the drain contact and measured by the lock-in 
amplifier. An average of 20 measurements was taken for each position 
to reduce measurements fluctuation. The 0.3 THz image was generated 
in a transmission mode configuration and the object was moved in the x- 
y plane by an automated linear stage motor to generate a pixel-by-pixel 
image. A Thorlabs LTS300 x-y stage was used to move the sample in the 
x-y plane (the stage has a bidirectional repeatability and a backlash of 

around 2 µm). 
A standard printed circuit board (PCB) with a thickness of 1.5 mm 

including the copper layer (Fig. 1-(c)) was chosen as subject for the 
imaging system. The thickness of the copper layer, 35 µm, is much larger 
than the skin depth of copper (~0.2 µm) at 0.3 THz what guarantees that 
the THz radiation is completely blocked by the copper layer and no 
interferences were expected. The sample was perforated in a set of four 
columns of holes with diameters ranging from 1.8 mm to 3 mm. Hole 
columns were equally separated by a 4 mm in the horizontal direction 
(Fig. 1). Within each column, the vertical spacing between holes of the 
same diameter was progressively reduced from 4 mm down to 0.25 mm. 
The PCB board was fabricated by a CNC machine with a precision of 25 
µm. This design gives a simple method to investigate the resolution of 
the imaging system. 

3. Results and discussions 

Fig. 2(a) shows the THz image obtained when no cube was placed in 
the optical path of the imaging setup i.e., it corresponds to a conven
tional image obtained in a standard THz imaging system. The separation 
between holes of 3 mm in diameter - especially the ones separated at 4 
and 2 mm - can be clearly appreciated in the THz image (red rectangle in 
Fig. 2(a)). However, when the diameter of the holes is reduced from 3 
mm down to 1.8 mm, neither the holes nor their spacing are properly 
resolved and, accordingly, it is almost impossible to distinguish the 
circular shape and the existence of a spacing between adjacent holes as 
the separation is below the wavelength (blue rectangle in Fig. 2(a)). 
Subsequently, the Teflon cube was placed at the first focus and in front of 
the PCB (the distance to the cube to the PCB was less than 1 mm) and a 
THz image, Fig. 2(b), was generated following the same procedure 
described previously. In comparison with the first THz image, where no 
cube was used, Fig. 2(b) shows a clear enhancement of the image res
olution. The holes with diameters of 1.8 mm are now well resolved (blue 
rectangle in Fig. 2(b)). In the THz image it is easy to identify the smaller 
holes (d = 1.8 mm) and the 0.25 mm spacing that is below the radiation 
wavelength. The spatial resolution of an optical system is usually limited 
by the diffraction of the THz beam on its optical elements. The spatial 
resolution is generally defined by the Rayleigh criterion, [34], (which 
states that if there is a gap of 20 % in the intensity distribution in the 
image of two close points, the points will be perceived as separate). 
Accordingly, the smallest object that a lens can resolve and the smallest 
diffraction limited spot that the collimated beam can focus the light on is 
given by δ = 1.22•λ•F/D, where F and D are the focal length and 
diameter of the lens, respectively. Therefore, the smallest resolvable 
spot is comparable to or larger than the wavelength of the THz beam. 

The introduction of the cube leads to the formation of the terajet 
beam in the shadow surface of the mesoscale particle [30]. The terajet 
effect localize the beam in a small volume (of a size comparable or lower 
than the one determined by the wavelength) and with higher intensity 
than the incident THz wave. It has already been demonstrated 
[20,35–36] that the terajet effect can considerably enhance the resolu
tion of imaging systems and, specially, those operating in the terahertz 
range in which the spatial resolution is limited by the relatively high 
value of the wavelength. 

Full-wave electromagnetic simulations were performed using the 
finite integral technique in the commercial software CST3. These simu
lations allow to electromagnetically analyse large structures when the 
physical size is much larger than the incident wavelength. The size of the 
entire structure to be simulated causes CST software to automatically 
determine the size of the mesh, which has heterogeneous sizes, adapting 
its dimensions to small and large volumes. In this way, for the simulated 
structures, the minimum size of the mesh cells was 0.0175 mm and the 

Fig. 2. Image obtained under excitation of 0.3 THz (a) without the cube and (b) 
with the cube. XY plane refers to PCB on Fig. 1. (single column fitting image) 
(colour should be used for this figure in print). 

3 CST Studio Suite: https://www.3ds.com/products-services/simulia/product 
s/cst-studio-suite/. 
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maximum 0.569758 mm. The impinging 0.3 THz beam was modelled as 
a plane wave propagating in the z direction, perpendicular to both the 
surfaces of the PCB and the detector, with a linear polarization along the 
x direction. The magnitude of the incident electric field was fixed at Ex 
= 1 V/m. The cube stretches from z = -3 to 0 mm, the base of the cube 
between z = 0 to 1 mm and the PCB (two cases of hole diameter, d = 1.8 
or 3 mm, were considered) from z = 1 to 1.035 mm (only the copper 
layer of PCB was considered in simulations). Fig. 3 shows the simulation 
results of the electric field strength in the yz plane normalized to the 
incident wave at x  = 0 (Fig. 3(a) and Fig. 3(c)) and at z = 1.035 mm 
(Fig. 3(b) and Fig. 3(d)). The obtained values of the FWHM (Full Width 
at Half Maximum) along the x and y directions were 0.8 and 0.5 mm for 
3 mm and 1.8 mm hole diameters, respectively. In both cases, it was 
observed that the THz beam was focused in a smaller area than the 
incoming one. It had a higher strength, and it was formed at the shadow 
surface of the cube (as predicted in [30]) and not inside the cube. 
Simulation results confirm and explain the image resolution enhance
ment experimentally obtained (Fig. 2). The cross-section of the beam in 
the x-y plane perpendicular to the propagation at z = 1.035 mm is given 
in Fig. 3(b) and Fig. 3(d). The cross section of the beam at the rear plane 
of the object is given in Fig. 3(b) and 3(d) for diameters of 1.8 and 3.0 
mm, respectively. The cross-section in Fig. 3(b) exhibits differences in 

shape and magnitude in comparison with the one given in Fig. 3(d); this 
is related to the fact that the maximum field strength for the hole with d 
= 3 mm is not reached at z = 1.392 mm (as for d = 1.8 mm) but at z =
1.035 mm. 

Fig. 4 shows vertical cuts along the y direction of the photoresponse 
signal obtained in the experiments (Fig. 2). The cuts were performed at 
four × positions (x = 1 mm, 6.8 mm, 13.2 mm, and 19.8 mm) that 
correspond to the centre of each set of holes. The plots with blue-circle 
symbols (red/square symbols) show the signal without (with) the cube 
placed at the first focus. In general, when the cube is inserted in the 
optical path the photoresponse signal increases and the image resolution 
is considerably improved producing sharp images of both the holes and 
the spacing between them. When no cube is used, it’s difficult to 
distinguish and/or separate the closer holes when their diameter and 
separation are smaller than 2 mm (Fig. 4(a) and Fig. 4(b)). The sepa
ration Δx between the edges of the holes was extracted from the 
maximum values of the photoresponse signal obtained when the cube is 
present (Fig. 4) using the expression 

Δx = Xmax2 − Xmax1 − d (1) 

where Xmax2 and Xmax1 are the spatial positions at which the pho
toresponse exhibits successive adjacent maxima and d is the diameter of 

Fig. 3. Normalized electric field strength, obtained by CST simulation, in the xz, yz, and yx planes for two different holes (a) 1.8 mm and (b) 3 mm. For the yx plane, 
z was fixed at 1.035 mm. (2-column fitting image) (colour should be used for this figure in print). 
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the hole. The obtained values are presented for the four cases in the top 
of each plot of Fig. 4 and they were comparable to the real ones (shown 
in Fig. 1) with an estimated error of ± 0.2 mm. These results demon
strate that the terajet effect improves considerably the spatial resolution 
to a size comparable or lower to the wavelength. 

Image contrast allows to quantify the enhancement of the image 
resolution when the mesoscale cube is used. The contrast was calculated 
for each hole using the following expression [21] 

(Amax − Amin)/(Amax +Amin) (2) 

where Amax and Amin are, respectively, the maximum (obtained at the 
centre of the hole) and the minimum of the photoresponse (obtained in 
the spacing zone between holes). The contrast enhancement was defined 
as the ratio between the obtained signal with and without the cube 
(contrast enhancement = contrast with cube/contrast without the 
cube)). An enhancement of around 14 was obtained for the smallest hole 
with d = 1.8 mm) and for separations Δx = 0.25 to 1 mm (Fig. 5). 
However, for Δx = 2 and 4 mm, the obtained contrast enhancement was 
close to the unity. Hence, the contrast obtained using the cube is com
parable to the one without the cube. This shows that the cube induces an 
enhancement of resolution for the lower values of the separation and for 
small holes. However, for the bigger ones, no enhancement of the res
olution was observed, and, accordingly, it must be concluded that the 
use of the cube does not improve the resolution of the imaging system. 
The fact that the use of the cube only increases the spatial resolution up 
to a given diameter of the hole is in good agreement with simulations 
that show that the terajet effect is not significant for large values of the 
hole diameter. This could be related to some interference between the 
THz and the terajet beams for holes with diameters higher than 2 mm. 

4. Conclusion 

An experimental study on the enhancement of the resolution in sub- 
terahertz (THz) imaging by using the terajet effect under continuous 
wave (CW) illumination was presented. To generate the terajet effect a 
mesoscale Teflon cube was placed in the optical path in front of the 
object. The dielectric cube allowed to focus the THz beam. The object 
was a perforated printed circuit board (PCB). The holes had diameters 
ranging from 1.8 to 3 mm and separated from each other by a distance 

Fig. 4. Photoresponse signal along the y direction at four values of × and four hole diameters: (a) × = 1 mm, d = 1.8 mm (b) × = 6.8 mm, d = 2 mm (c) × = 13.2 
mm, d = 2.4 mm and (d) × = 19.8 mm, hole diameter = 3 mm. (2-column fitting image) (colour should be used for this figure in print). 

Fig. 5. Contrast enhancement in contrast versus hole separation (Δx) for the 
four values of hole diameters analysed. (single column fitting image) (colour 
should be used for this figure in print). 
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that varies from 0.25 to 4 mm. The sample was illuminated by a CW 
source at a frequency of 0.3 THz and the image was obtained using a 
strained-Si Field-Effect Transistor as sensor. The image was formed 
pixel-by-pixel in a transmission mode configuration. Clearer images 
with enhanced resolution were obtained when a mesoscopic cube was 
placed in the first focal point to generate the terajet effect compared to 
the ones obtained using the standard setup in which the dielectric cube 
was not present. A main result of the work is that the terajet effect made 
possible to resolve separations between adjacent holes of approximately 
0.5 mm (0.5λ), i.e. below the THz light wavelength. 3D full-wave elec
tromagnetic simulations were performed using the finite integral tech
nique to explain experimental results. Simulation results were in good 
agreement confirming that the contrast enhancement in spatial resolu
tion was associated with the onset on the terajet. Both experimental and 
theoretical results showed that a contrast enhancement of 14 can be 
achieved for the smallest value of hole’s diameter (1.8 mm) and sepa
ration (0.25 mm or 0.25λ) studied. For separations equal or higher than 
2 mm (2λ) no contrast enhancement was achieved what is in agreement 
with simulations that show that the terajet effect is not significant for 
largest values of the hole’s diameter. 
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