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We report on the enhancement of the responsivity by more than one order of magnitude of

a Silicon-based sub-THz detector when a mesoscopic dielectric particle was used to local-

ize incident radiation to a sub-wavelength volume and focus it directly onto the detector.

A strained-silicon Modulation Field Effect Transistor (Si-MODFET) was used as a direct

detector on an incident terahertz beam at 0.3 THz. A systematic study in which Teflon

cubes were placed in front of the detector to focus the terahertz beam was performed. In

this study, cubes with different sizes were investigated and an enhancement of the respon-

sivity up to 11 dB was observed for a cube with an edge length of 3.45 mm (or 3.45λ ).

Electromagnetic simulation results were in good agreement with the experimental ones and

demonstrate that the size of the mesoscopic particle plays an important role to focalize the

electric field within an area below the diffraction limit. This approach provides an efficient,

uncostly and easy to implement method to substantially improve the responsivity and the

noise equivalent power (NEP) of sub-THz detectors.
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I. INTRODUCTION

The Terahertz (THz) region is located between the infrared region and the RF/microwaves one

and is commonly referred as the Terahertz gap1 due to lack of sources and detectors in this spectral

region. It’s the bridging region between the Electronics (limited by the cutoff frequency of transis-

tors) and Photonics (limited by the low energy). The broad range of potential applications of THz

radiation has impulsed the research on THz components (emitters, detectors, modulators, etc.) to

the point that new THz systems are already exploited in real-world applications2–6. The progress in

new semiconductor materials and devices has fostered the research of room-temperature Terahertz

detectors7–9. One of the major challenges for the development of THz detectors is the efficient

coupling of the incoming electromagnetic (EM) radiation as the beam area is usually larger than

the transistors used as detectors with active areas of hundreds of square-microns. In order to ob-

tain a good coupling different approaches are used: antennas are attached to the device contacts,

silicon lenses are placed close to the chip to focus the beam on the detector, arrays of detectors,

etc.10–13. However, those methods are costly and complex to implement. Recently, in order to

efficiently improve the coupling of the EM radiation and, hence, to increase the sensitivity of ter-

ahertz detectors14–18, we introduced the use of the terajet effect. The terajet effect19–22 provides

a simple method to significantly improve the focusing of the terahertz beam by simply placing a

low-loss dielectric particle with wavelength-scaled dimensions in front of the focal volume23. This

makes possible to localize the radiation incident on the detector to sub-wavelength volumes and,

thus, to overcome diffraction limitations, matching the size of the field localization region and the

size of the sensitive part of both the field-effect transistor (FET) and point-contact detectors24,25.

However, a systematic study is still necessary to further investigate the optimization of the THz

detection by FET detectors using the terajet effect. To this aim we have designed and fabricated a

set of mesoscopic particles (Polytetrafluoroethylene (PTFE)/Teflon cubes)26,27 with different sizes

that has been used to characterize the sub-THz response of a strained-Si MODFET detector under

illumination at 0.3 THz in conditions under which the terajet effect takes place. The experimental

results presented in this letter show a gain of around 11 dB when a cube with an edge size of

3.45mm (3.45λ , where λ is the wavelength of illuminating wave) was placed in the focal position

in front of the detector.
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II. METHODS

A strained-Si MODFET28 was used for the detection of the incident terahertz radiation. The

detector response is based on the damped oscillations of plasmons in the channel of the transistor29.

The nonlinear properties of the two-dimensional (2D) electron plasma in the channel of the FET

are at the origin of the THz detection in bands beyond the cut-off frequency of the transistor. This is

one of the most promising ways to achieve direct detection of THz beams using solid-state devices

at room temperature. This type of transistor could be easily integrated to mainstream Silicon

technology and it has been intensively investigated as THz detector showing good responsivity,

room temperature operation, fast response, low cost and low noise equivalent power30,31. More

information of the device and its terahertz characterization can be found in ref.31. Figure 1 shows

the schematic description and photos of the terahertz detection setup. The electronic terahertz

source used in measurements is based on a dielectric resonator oscillator with a multiplication

chain starting at the fundamental frequency of 12.5 GHz and emitting at 0.3 THz. An emitted

power of 6 mW was measured by a calibrated detector close to the output of the source. The

THz beam was collimated and focused by off-axis gold coated parabolic and planar mirrors and a

Teflon based cube. A visible red LED in combination with an indium tin oxide (ITO) mirror32 was

used for the alignment of the THz beam (Figure 1-(a)&(c)). The size of this transistor including

the contact pads is considerably smaller (∼ 0.047 mm2) than the terahertz beam at 0.3 THz (∼
7 mm2). In order to enhance the coupling efficiency, a mesoscopic particle (a Teflon cube) was

placed in front of the device at the focusing point. This produces the terajet effect as demonstrated

by Minin et al.24. The size of the cube was designed in two different sets accordingly to the

theory of antennas33. The first one of a size proportional to the wavelength with its edge size L

given by: L = (n× 0.25)+λ where n=0,1,2,· · · and λ = 1mm ( f =300GHz). For the second set,

the propagation of the radiation inside the cube was taken into account and the wavelength was

reduced by a factor
√

εr, where εr is the dielectric constant of the Teflon (∼ 2.1). The size of the

cube is given by L = λ ′+ n×λ ′/2 where λ ′ = λ/
√

εr. The cubes were fabricated using a CNC

machine on a Teflon base where the distance between adjacent cubes was fixed at 10 mm to avoid

any interference with the THz beam (Refer to figures 1 & 2 of the Supplement Materials).

The photo-induced drain-to-source voltage ∆U under THz illumination was measured using the

lock-in technique where the THz beam was chopped at 298 Hz. The 0.3 THz beam spot with a

radius of about 1.5 mm was centered within the cube. The two sets of Teflon’s cubes with a base
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FIG. 1. (a) Schematic description of the Terahertz setup, (b) Top view at the second focal point of the setup

showing the parabolic mirror that focuses the THz beam into the Teflon cube and generates the terajet focus

on the Si-MODFET detector and (c) View of the sets of CNC micromachined cubes on the base of the

Teflon Cubes along with the red LED used for alignment purposes.

of 1 mm of thickness were placed on an XYZ stage in front of the detector (Figure 1(b)-(c)).

The Responsivity (ℜ) was extracted from the measured ∆U signal using the following equation:

ℜ =
π√
2

∆U
P

St

Sa
(1)

where P is the THz power incident on the transistor (P ∼1 mW was measured at the detector

position by a calibrated pyroelectric detector). The factor π/
√

2 comes from the Fourier transform

of the square-wave modulated THz signal detected as its rms value by the lock-in amplifier. St

denotes the THz beam area given by St = πr2 where r = 1.5 mm is the radius of the beam spot

at 0.3 THz. Sa is the active area of the detector that was replaced by the diffraction limit area
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Sλ = λ 2/4 in Eq. 1. The other key parameter is the Noise Equivalent Power (NEP)34,35; it was

calculated using the detector responsivity and the following formula24:

NEP =
N
ℜ

(2)

where N is the noise spectral density of the transistor in V·
√

Hz given by N =
√

4kBT RSD where

T is temperature in K, kB the Boltzmann constant and RSD the channel resistance. The channel

resistance RSD was extracted from the measured transfer characteristics of the transistor at a very

low value of drain-to-source voltage, VDS=0.1V (See figure 3 of the Supplement Materials).

III. RESULTS AND DISCUSSIONS

Figure 2-(a) shows the obtained responsivity of the device under terahertz excitation at 0.3 THz.

A clear enhancement of the responsivity was observed when a Teflon based cube was introduced.

The measured responsivity when no cube was used was ∼ 20 V/W and reaches up to ∼ 74V/W

when a cube with a dimension equal to 3.45 λ was placed at the focus of the terahertz beam in

front of the detector (Fig. 1). As a consequence, the minimum NEP has been reduced by a factor

of 3.6 from ∼260 pW/
√

Hz with no cube down to ∼ 72 pW/
√

Hz when a cube with L=3.45λ was

introduced (Fig.2-(b)). This clearly demonstrates the enhancement of the response of the device

due to the terajet effect 24. To better analyze the results, we calculated the gain obtained using each

cube with the formula: Gain(dB) = 20× log [ℜCube/ℜNoCube], where ℜCube and ℜNoCube are the

maximum responsivity with and without the cube, respectively. Figure 3 shows the obtained gain

as a function of the size of the cube. A maximum of gain close to 11 dB was obtained by using

the cube with L = 3.45 mm.

In order to understand the experimental results, full-wave electromagnetic simulations were

performed using the software CST36. In this study, the Maxwell equations were solved without

any simplifying assumption in both sets of Teflon cubes take into account the base as shown in

Fig.1-(c). It’s a standard method to analyze electrically large structures where the physical size

is much larger than the wavelength. The impinging terahertz beam was modeled as a plane wave

propagating along the z direction with a linear polarization along the x direction. The magnitude

of the incident electric field was fixed at Ex = 1 V/m. The cube streches from z=-L to z=0 and

the base between z=0 and z=1mm. The mesh size was defined by the CST simulator and depends

on the size of the cube. For example, for the cube with L=3.45mm, the smallest and largest cells
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FIG. 2. (a) Responsivity of the device under excitation at 0.3THz versus the gate voltage. (b) The NEP

extracted from Eq. (2)
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FIG. 3. Responsivity gain in dB as a function of the cube size.

were 0.0247984 and 0.0568182 mm, respectively. Figure 4 shows the intensity of the electric

field for the case of two cubes with L=2.42mm and L=3.45mm. As can be seen in the figure the

introduction of a cube induces the formation of an area in which the electric field is concentrated

as a result of the terajet beam effect. It can be observed that the position of the maximum (the focal

distance) of the electric field intensity depends on the cube size19. The focal distance of the terajet
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is defined as the distance from the shadow surface of the base to the point where the maximum of

field intensity inside the terajet is reached.

FIG. 4. Intensity of the Electric field in the xz plan (E2
xz) for the case of the cube with edges L=2.42mm

(upper plot)and L=3.45mm (lower plot). The cube and it’s base are highlighted.

Figure 5 shows the obtained gain (red squares) and the beam focus distance of the terajet beam

(blue circles)37 versus the cube’s edge length. The overall behavior is in good agreement with

the experimental ones as the introduction of the mesoscopic Teflon cube enhances the gain of

the response of the detector due to the terajet effect. The gain reaches a maximum of ∼ 13 dB

for the cube with L=2.5mm, this value is higher than the one obtained experimentally (∼ 8dB).

The reason for this difference is that the focal distance of the terajet for this cube is around 0.65

mm, this means that the focus is placed inside the Teflon base and, therefore, it is not measurable.

However, a secondary peak with an intensity considerably lower than the one obtained on the first
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focus (Figure 4) is measured. However, when considering the cube with L=3.45mm, a maximum

gain with a value of ∼ 12dB was measured, in excellent agreement with simulations; in this case,

as its focal distance is placed at z∼5mm, i.e. outside the Teflon base, measurements were done

at the primary maximum of the focal distance. Hence, the position of the focal distance inside or

outside the base will condition the values found in measurements and it can explain the behavior of

the experimental results when L is varied. Accordingly, the fact the maximum gain was obtained

for the cube with the size of 3.45 mm instead of the one with L=2.45mm is justified.

IV. CONCLUSIONS

We report on the enhancement of the responsivity of a plasma-wave FET detector by about

11dB when a mesoscopic dielectric particle was placed in the focal point of a terahertz beam in

front of the detector. Several mesoscopic particles (Teflon cubes) with different edge sizes were

fabricated and characterized at 0.3THz. The detector exhibit a maximum responsivity of∼ 74 V/W

when a cube with an edge size of 3.45mm (3.45λ , where λ is the wavelength of illuminating wave)

was placed in the focal position in front of the detector. Full-wave electromagnetic simulations

were carried to demonstrate that the terajet effect was the physical mechanism responsible for the

9



detection enhancement the effect of the terajet as the physical mechanism of the enhancement.

This study presents a real solution to enhance the sensitivity of THz detectors though the use of

the terajet effect. It’s an easy to implement and uncostly solution that can be of benefit to different

terahertz applications like inspection and imaging.
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